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SUMMARY 


A  large  number  of  studies  have  been  performed  using  a  variety  of 
ground-based  and  satellite  In-sltu  techniques  to  determine  various 
sources  of  hlgh-latltude  Irregularities,  their  morphology  and  structure 
and  their  effects  on  sensor  systems. 

The  scintillation  technique  Is  extensively  used  to  determine 
morphology  of  Irregularities  at  interesting  geophysical  locations  and 
to  estimate  the  effects  of  these  Irregularities  on  various  Air  Force 
communication  and  radar  systems.  Different  methods  for  measuring  phase 
and  amplitude  scintillations  are  described  and  the  application  of  this 
technique,  particularly  when  used  in  conjunction  with  other  radio  and 
optical  diagnostics.  In  determining  plasma  processes  is  enumerated 
(Attachment  1) . 

Extensive  scintillation  and  In-sltu  measurements  made  with  the 
DNA  HlLat  satellite  at  Tromso  are  utilized  to  determine  morphology  and 
anisotropy  of  auroral  irregularities.  The  dynamics  of  the  spatial  and 
temporal  extent  of  this  region  are  Illustrated  and  the  dependence  of 
ionospheric  structure  parameters  on  short-term  variability  of  solar 
activity  during  the  sunspot  minimum  are  pointed  out  (Attachment  2). 

The  geometrical  enhancement  of  scintillations  observed  during  the 
alignment  of  the  propagation  path  with  the  local  magnetic  L-shell  Is 
shown  to  be  the  most  consistent  and  conspicuous  feature  of  scintil¬ 
lations  In  the  nighttime  auroral  oval.  Particular  attention  was  given 
to  the  geometrical  enhancement  region  by  utilizing  the  spaced-receiver 
scintillation  technique  to  determine  the  anisotropy  of  the  ground 
diffraction  pattern  in  this  region  (Attachment  3).  Further,  an 
algorithm  was  obtained  to  estimate  the  anisotropy  of  the  ground 
diffraction  pattern  directly  from  the  cross-spectra  of  the  received 
signals  (Attachment  4). 

The  large  scintillation  data  base  archived  at  the  Geophysics 
Laboratory  has  been  utilized  to  estimate  the  Ionospheric  effects  on 
VHF/UHF  communication  links  between  geostationary  satellites  and 


stations  on  the  magnetic  equator,  at  the  anomaly  peak  and  in  auroral 
and  polar  cap  locations  as  a  function  of  sunspot  cycle.  The  "worst 
case"  scenario  was  encountered  at  the  crest  of  the  anomaly  at  sunspot 
maximum  when  20  dB  fades  at  1.5  Gdz  were  observed  for  30  percent  of 
the  time  in  pre-mldnlght  hours  during  the  equinoxes.  The  highest 
scintillation  at  high  latitudes  was  encountered  deep  within  the  polar 
cap  where  median  fades  of  20  dB  at  250  MHz  were  observed  at  equinoxes 
during  sunspot  maximum  (Appendix  5) . 

A  review  of  high  latitude  scintillation  was  prepared  to  summarize 
the  new  Insights  gained  by  combining  quasl-geostatlonary  satellite 
measurements  of  scintillations  together  with  HlLat  and  Polar  Bear  ob¬ 
servations  of  scintillations,  In-sltu  and  ultraviolet  Imager  data. 

New  classes  of  E-reglon  and  F-reglon  Irregularities  were  isolated  with 
these  co-ordinated  measurements  (Attachment  6)  and  the  technique  of 
modeling  of  scintillations  caused  by  polar  cap  patches  from  in-sltu 
data  could  be  demonstrated  (Scientific  Report  2  -  Basu  et  al.,  Radio 
Science,  M,  545,  1988). 

A  multi-diagnostic  experiment  was  mounted  In  February,  1988  under 
the  auspices  of  the  National  Science  Foundation's  CEDAR  Initiative  to 
study  plasma  structuring  in  the  polar  cusp.  The  energy  Input  and  dynamics 
were  estimated  by  the  In-sltu  Instruments  on  HlLat  whereas  total  electron 
content  (TEC)  and  scintillation  measurements  provided  Information  re¬ 
garding  large  and  small  scale  structures.  Preliminary  modeling  studies 
were  conducted  to  determine  the  consistency  of  the  particle  precipitation 
and  Incoherent  scatter  radar  measured  densities  and  temperatures  at 
Sondrestrom  (Attachment  7) . 

Convectlng  polar  cap  patches  and  sun-aligned  polar  cap  arcs  were 
also  detected  during  the  February,  1988  CEDAR  High  Latitude  Plasma 
Structure  (HLPS)  campaign.  A  description  of  hlgh-latltude  turbulence 
associated  «lth  patches  and  arcs  during  low  sunspot  conditions  was 
presented  (Attachment  8). 

The  next  couple  of  papers  provide  comprehensive  studies  of  two 
different  classes  of  plasma  Instabilities  responsible  for  plasma 
structuring  at  high  latitudes.  Multiple  Sensor  Dynamics  Explorer  -  2 
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(DE-2)  data  were  used  to  determine  simultaneous  density  and  electric 
field  spectra  under  conditions  of  velocity  shear  near  auroral  arcs  and 
also  In  conjunction  with  convectlng  patches  and  blobs.  It  Is  shown 
that  It  Is  Imperative  to  consider  both  the  magnitudes  of  the  density 
and  electric  field  perturbations  as  well  as  their  spectral  shapes  In 
determining  the  type  of  plasma  Instability  operating  In  the  high 
latitude  Ionosphere  (Attachments  9  and  10). 

Finally,  an  active  experiment  was  performed  with  the  high  power 
HF  heater  at  Tromso,  Norway  to  modify  the  daytime  sub-auroral  Iono¬ 
sphere.  Using  scintillations  and  the  EISCAT  radar  as  diagnostics.  It 
was  found  that  the  HF  heating  caused  narrow  band  spectral  enhancements 
corresponding  to  an  Irregularity  scale  length  of  approximately  750  m. 
Such  scale-sizes  were  generally  consistent  with  those  expected  from 
the  self-focusing  Instability  at  the  power  densities  employed  in  the 
experiment  (Attachment  11). 
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ATTACHMENT  1 


To  appear  In  WITS  Handbook,  1989 

SCINTILLATION  TECHNIQUE  FOR  PROBING  IONOSPHERIC 

IRREGULARITIES 

Santimay  Basu 
Geophysics  Laboratoty  (LIS) 

Hanscom  AFB,  MA  01731 

Sunanda  Basu 
Physics  Research  Division 
Emmanuel  College 
Boston,  MA02115 


ABSTRACT 

The  phenomenon  of  radio  wave  scintillation  caused  by  ionospheric  irregularities  of  electron 
density  are  described.  The  different  indices  of  scintillation  that  provide  a  measure  of  intensity  and 
phase  scintillation  have  been  defined.  Both  simple  and  sophisticated  receiving  systems  used  for 
recording  scintillations  are  briefly  described.  The  use  of  scintillation  experiments  in  exploring  the 
physical  mechanisms  of  irregularity  formation  and  in  defining  the  constraints  of  practical 
communication  systems  are  outlined. 


INTRODUCTION 

Radio  waves  from  satellites  or  radio  stars  during  their  passage  through  the  ionospheric 
irregularities  of  election  density  develop  random  phase  fluctuations  across  the  wavefront.  As  the 
wavefront  travels  towards  the  ground,  phase  mixing  occurs  and,  as  a  result,  not  only  phase  but 
amplitude  fluctuations  as  well,  develop  on  the  ground.  Due  to  the  relative  motion  between  the 
satellite,  the  ionosphere  and  the  receiver  on  ground,  the  spatial  pattern  of  amplitude  and  phase 
vuiation  sweeps  past  the  receiver  and  temporal  variations  of  phase  and  amplitude  known  as 
scintillations  are  recorded  by  the  receiver.  In  the  case  of  radio  stars  or  geostationary  satellites,  the 
temporal  variation  is  caused  bv  the  ionospheric  drift  whereas  in  the  case  of  low  altitude 
(-•10(X)  km)  orbiting  satellites,  the  satellite  motion  projected  on  to  the  ionosphere  dictates  the 
temporal  structure. 


SCINTILLATION  PARAMETERS 


The  amplitude  and  phase  fluctuations  of  the  recorded  signal  are  statistically  characterized  by 
two  major  parameters,  amplitude  and  phase  scintillation  indices,  denoted  respectively  by  S4  and 

Additional  parameters  such  as  the  signal  decorrelation  time  and  spectral  shape  of  signal  fluctu¬ 
ations  are  also  of  importance  for  specifying  effects  on  systems. 

Scintillation  Index,  S4 

The  amplitude  scintillation  index,  S4,  is  defined  as  the  ratio  of  the  standard  deviation  of  signal 
intensity  and  the  average  signal  intensity  and  defined  as 


84  = 


(<1^>-<1>^) 

<I>* 


(1) 


The  time  interval  over  which  this  parameter  is  computed  depends  on  the  time  period  over 
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which  the  signal  fluctuations  are  observed  to  be  stationary.  For  geostationary  satellite 
observations,  a  3-niinute  to  IS-minute  data  segment  has  been  considered  to  be  optimum  whereas 
fm:  orbiting  satellites  a  data  segment  varying  between  10-30  seconds  has  been  used. 

RMS  Phase  Deviation, 

The  phase  scintillation  index  is  defined  as  the  standard  deviation  of  a  linearly  detrended  phase 
data  segment.  The  linear  detrending  over  the  appropriate  data  segment  discussed  in  the  previous 
paragraph  removes  the  background  phase  variation  caused  by  smooth  changes  of  ionization 
density.  Thus  the  phase  scintillation  index  is  defined  as 

=  (2) 

Intensity  Decorrelation  Time,  t| 

In  addition  to  the  above  two  parameters  the  intensity  decorrelation  time,  T],  defined  as  the  time 

shift  required  to  obtain  signal  correlation  of  O.S  is  also  important.  The  decorrelation  time,  t|,  is 
defined  as 

<  I(t)  I(t  +  ti )  > 

- ^  =  0.5  (3) 

<I(t)>^ 

In  the  case  of  receiving  systems  capable  of  acquiring  both  signal  amplitude  and  phase  from  a 
satellite  source,  the  complex  decorrelation  time  can  be  obtained  by  replacing  the  intensity  terms  in 
Eq.  (3)  by  the  complex  amplitude. 

Scintillation  Spectrum 

The  time  series  of  intensity  and  phase  scintillation  can  be  analyzed  by  the  standard  Fast 
Fourier  Transfoim  (FFT)  or  Maximum  Entropy  Method  (MEM)  to  derive  a  plot  of  the  variation  of 
the  power  spectral  densi^  of  amplitude  or  phase  as  a  function  of  fluctuation  frequency.  The  length 
of  the  data  sample  chosen  for  such  spectral  analysis  needs  to  be  stationary.  For  geostationary 
satellite  observations  a  3-minute  scintillation  data  sample  is,  in  general,  found  to  be  optimum.  In 
such  applications,  the  data  digitization  rate  is  required  to  be  in  the  range  of  30-50  Hz.  The 
frequency  range  of  the  spectral  analysis  is  dictated  at  the  low  frequency  end  by  the  inverse  of  the 
data  sample  duration  and  at  the  high  freauency  end  by  the  Nyquist  frequency  which  is  half  of  the 
digitization  rate.  Thus  for  a  180-sec  data  segment  from  a  geostationary  satellite  and  50-Hz 
sampling  frequency,  the  frequency  interval  over  which  the  spectrum  is  obtained  corresponds  to 
.0056  Hz  to  25  Hz.  For  an  average  ionospheric  drift  of  50  ms'l,  the  above  frequency  interval 
corresponds  to  spatial  irregularity  wavelength  range  of  8.9  km  to  2  m.  In  the  equatorial  region, 
when  strong  to  moderate  levels  of  scintillations  are  observed,  the  ionospheric  drift  typically  varies 
nnoothly  between  7100  ms'*  to  50  ms*f  in  the  course  of  an  evening  which  changes  the  coverage  of 
irregularity  wavelengths  by  a  factor  of  4.  At  high  latitudes,  the  ionospheric  drift  variations  are 
more  severe  with  drifts  changing  from  50  ms'f  to  2000  ms**  in  a  matter  of  minutes.  Thus  the 
irregularity  wavelengths  covert  by  the  spectral  analysis  can  vary  greatly  at  high  latitudes. 

For  orbiting  satellites,  at  an  altitude  of  10(X)  km,  the  scan  velocity  of  the  propagation  path 
through  the  F-region  height  of  300  km  corresponds  to  2.2  km/sec.  The  temporal  structure  of  scin¬ 
tillation  is,  therefore,  dictated  by  the  scan  velocity  except  at  high  latitudes  where  the  ionospheric 
drift  may  not,  on  occasions,  be  negligible.  In  the  case  of  orbiting  satellites,  data  length  of  10  sec 
and  digitization  rate  of  125  Hz  is  found  to  be  optimum.  Considering  only  the  ionospheric  scan 
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velocity,  the  above  parameters  provide  an  irregularity  wavelength  coverage  of  22  km  to  18  m. 

The  scintillation  parameters,  defined  above,  can  be  readily  computed  firom  digital  recordings. 
Many  scintillation  recording  systems  still  employ  chart  recorders  instead  of  digital  recorders.  For 
such  systems,  Whitney  et  aL  [1969]  defined  the  amplitude  scintillation  magnitude,  SldBt  in  terms 
of  dB  excursions  between  the  third  peak  up  from  the  minimum  and  third  peak  down  from  the 
maximum  signal  levels.  By  providing  calibradons  with  a  signal  soiv'ce  applied  to  the  antenna  input 
terminals  of  the  receiver  in  terms  of  dB  and  using  relatively  fast  chart  speed  so  that  the  individual 
fadings  and  signal  enhancements  can  be  delineated,  the  third  peak  method  is  a  useful  way  to 
quantify  the  analog  recordings.  Comparing  digital  and  analog  recordings  Whitney  et  al.  [1969] 
showed  that  the  third  peak  method  provides  the  dB  excursions  between  the  2nd  and  98th 
percentiles  of  signal  fluctuations.  In  addition,  he  provided  a  useful  graph  that  can  be  used  to 
convert  SI  (dB)  indices  to  S4  indices.  Attempts  have  also  been  made  to  manually  digitize  fast  chart 
recordings  to  derive  scintillation  s^tra.  Reliability  of  such  spectra  is,  however,  limited  because 
the  response  time  of  chart  recorders  does  not  exceed  a  few  Hz  thereby  limiting  the  Nyquist 
frequency  to  1  Hz  or  less.  Since  strong  scintillations  often  contain  fluctuation  frequencies  that 
exceed  10  Hz,  manually  derived  spectra  often  provides  misleading  results. 


SCINTILLATION  RECORDING  SYSTEMS 
Total  Power  Recording  System 

The  total  power  or  systems  recording  intensity  scintillations  from  geostationary  satellites 
transmitting  circularly  polarized  signals  in  the  VHF  range  (typically  at  136,  137,  244  and  257 
MHz)  can  achieved  by  a  simple  system.  It  consists  of  a  ten  element  Yagi  antenna,  a  commercial 
converter  (noise  figure  of  3  dB,  conversion  gain  of  10  dB)  that  converts  VHF  frequencies  to  a 
radio  frequency  (typically  28  MHz  or  10.7  MHz)  followed  by  a  communications  receiver  tuned  to 
accept  the  converted  frequency,  and  operated  with  an  IF  bandwidth  of  4  or  8  KHz.  The  above  IF 
bandwidth  is  found  to  be  wide  enough  to  be  unaffected  by  the  frequency  drift  of  the  local 
oscillator.  The  communication  receiver  is  operated  in  the  fast  AGC  mode  providing  a  time  constant 
of  .01  sec.  The  AGC  voltage  is  fed  to  a  chart  recorder.  In  order  to  protect  the  pen  from  jitter,  an 
external  RC  circuit  with  a  time  constant  of  0.1  to  .05  sec  is  often  inserted  between  the  AGC  port 
and  the  pen  recorder.  The  pen  recorder  is  usually  equipped  with  a  d.c.  buckout  facility.  The 
signals  from  geostationary  satellites  received  with  a  ten-element  Yagi  antenna  usually  develop  1 10 
dBm  at  the  converter  input.  In  order  to  calibrate  the  system,  the  antenna  is  disconnected  from  the 
converter  and  a  calibrating  signal  source  (providing  1(X)-120  dBm  at  VHF  followed  by  attenuators 
capable  of  varying  the  attenuation  over  a  l(X)-dB  range  in  1-dB  steps)  is  connected  to  the  converter 
input.  This  is  used  to  obtain  calibration  levels  in  the  chart  recorder  at  I  to  3-dB  intervals  over  the 
full  scale  deflection  range.  The  system  is  so  adjusted  that  the  satellite  signal  level  runs  at  a  level  6 
dB  below  the  full-scale  deflection.  It  should  be  noted  that  for  scintillations  arising  from  a 
diffraction  process,  the  positive  excursions  do  not  exceed  a  6-dB  level  although  the  associated 
negative  excursions  may  approach  25  dB. 

Recording  of  amplitude  scintillations  of  L-band  signals  from  stationary  satellites  can  be 
achieved  with  a  similar  system  by  replacing  the  Yagi  antenna  with  an  8-ft  paraboloidal  antenna  and 
a  low  noise  L-band  converter. 

With  the  advent  of  desktop  computers,  the  AGC  signal  after  d.c.  buckout  can  be  digitally 
recorded  on  a  disk  and  processed  to  obtain  the  full  range  of  statistical  parameters,  such  as,  S4 
index,  decorrelation  time ,  and  scintillation  spectrum,  on  a  real-time  basis. 

Phase  and  Amplitude  Scintillation  Recording  from  Stationary  Satellites 

Sutdonary  satellites  transmitting  single  frequency  phase  coherent  signals  have  been  used  to  re- 
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cod  both  amplitude  and  phase  scindilations  by  using  a  sophisticated  computer-controlled  receiver. 

FtM'  such  measurements  an  extended  dynamic  range  receiver  with  an  extremely  stable  local 
oscillator  is  employed.  The  receiver  operates  under  computer  control  and  once  tun^  to  within  a 
few  hertz  of  a  signal  detected  in  a  10-Hz  bandwidth,  self-tunes  to  within  ±1  millihertz  of  the  mean 
frequency  as  determined  by  the  zero  crossings  averaged  over  a  20-sec  period.  Subsequent  changes 
in  nequency,  either  due  to  changes  in  ionospheric  or  geometrical  doppler,  are  sensed  by  the 
system,  which  then  retunes.  At  each  retune,  the  local  oscillator  frequency  information  is  recorded 
to  allow  reconstruction  of  the  long-term  phase  in  subsequent  processing.  In  this  way  the  system 
can  measure  signal  phase  variations  with  precision  as  would  a  coherent  system  except  for  any 
long-term  relative  frequency  drifts  between  the  satellite  and  receiver  references. 

Once  a  signal  is  properly  acquired  bv  the  receiver,  its  quadrature  components  are  sampled  at 
10  Hz  and  are  digitally  recorded  along  with  time  and  pertinent  system  information.  During  initial 
off-line  processing,  these  data  are  converted  to  signal  intensity  and  continuous  phase.  While 
simple  in  concept  the  generation  of  continuous  phase  over  long  observation  perit^s  is  prone  to 
numerical  difticulties.  Since  this  is  a  single  frequency  measurement,  the  accumulation  of  phase 
over  a  period  of  several  hours  can  result  in  extremely  large  values.  These  problems  have  been 
avoided  by  calculation  and  removal  of  the  largest  scale  (for  example,  few  hours)  dispersive  doppler 
changes  during  pre-processing. 

Following  initial  processing,  only  phase  variations  with  periods  shorter  than  some  tens  of 
minutes  remain.  The  data  can  then  be  treated  using  methods  similar  to  those  designed  for,  and 
proven,  during  the  Wideband  experiment  [Fremouw  et  al.,  1978].  Basically,  this  consists  of 
separation  of  rapidly  varying  scintillation  components  of  the  signal  from  the  longer  term  trends. 
The  spectral  components  are  separated  by  passing  the  phase  data  through  a  sharp  cutoff  high  pass 
digital  filter  (fc  =  0.0067  Hz);  there  is  generally  no  need  to  filter  signal  intensity,  which  has  no  low 
frequency  component  in  the  constant  signal  level,  geostationary  case. 


PHASE  AND  AMPLITUDE  SCINTILLATION  MEASUREMENTS  WITH 
MULTIFREQUENCY  BEACON  TRANSMISSIONS 

DNA  Wideband  Satellite 

Complex  signal  scintillation  measurements  have  been  performed  by  using  multifrequency 
coherent  radio  bMcon  transmissions  from  an  orbiting  satellite.  In  1976,  the  U.S.  Defense  Nuclear 
Agency  launched  the  DNA  Wideband  satellite  in  a  1000-km  orbit  which  radiated  ten  coherent  radio 
spectru  lines  between  the  VHF  and  S  bands  (Fremouw  et  al.,  1978].  The  ten  spectral  lines  were 
derived  from  a  fundamental  frequency  of  11.4729  MHz  and  corresponded  to  one  VHF,  seven 
UHF,  one  L-band  and  one  S-band  transmission.  The  receiving  system  consisted  of  a  tracking 
antenna  and  a  receiver  which  was  designed  to  maintain  the  coherence  of  the  transmitted  signals. 
The  receiver  incorporated  a  frequency  synthesizer  which  generated  a  replica  of  the  transmitted 
signal  spectrum  which  were  offset  by  the  intermediate  frequencies  to  generate  the  local  oscillator 
signals. 

The  synthesizer  was  phase-locked  by  a  loop  operating  on  the  output  of  the  S-band  reference 
receiver.  Except  for  the  flrst  mixer,  the  reference  receiver  was  identical  to  the  measurement 
recdver  diannels  at  various  freauencies.  Nine  measurement  receiver  channels  were  enqiloyed;  one 
for  VHF ,  one  each  for  seven  UHF  channels,  and  one  for  L  band.  Remote  receiving  antennas 
com|ffised  of  identical  measurement  channels  were  used  to  perform  spaced  receiver  scintillation 
obsmations. 

The  signals  in  each  receiver  channel  were  finally  translated  to  an  essentially  zero  frequency 
baseband  means  of  two  quadrature  detectors.  The  receiving  system  thus  provided  coherently 
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delected  in-phase  and  quadrature  components  at  VHF,  seven  UHF,  and  one  L-band  channel.  Thus 
phase  and  intensity  scintillation  indices  at  all  these  frequencies,  as  well  as,  the  second  order 
statistics  of  complex  signal  scintillation  in  the  temporal,  spatial  and  spectral  domains  could  be 
obtained.  In  addition  to  scintillation  measurements,  the  second  difference  of  phase  measurement  at 
die  three  UHF  comb  frequencies  provided  the  total  electron  content  (TEC)  of  the  ionosphere. 


The  second  difference  of  phase,  A2^,  is  obtained  by  Hrst  forming  the  phase  difference 
between  a  carrier  and  its  upper  sideband  (413  MHz  and  435  MHz)  and  the  same  carrier  and  its 
lower  sideband  (390  MHz  and  413  MHz)  and  then  taking  the  difference  of  the  two  differences.  It 
can  be  shown  [Fremouw  et  al.,  1978]  that 
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electronic  charge, 
mass  of  an  electron, 

permittivity  of  free  space, 
speed  of  light, 

the  frequency  separation  between  the  UHF  triad, 
center  UHF  frequency  of  the  triad, 
total  electron  content  up  to  satellite  height. 


The  full  complement  of  Wideband  satellite  signals  were  nnonitored  from  the  auroral  location  of 
Poker  Flat,  Alaska,  and  the  equatorial  locations  of  Ancon,  Peru  and  Kwajalein,  Marshall  Island.  A 
brief  period  of  Wideband  satellite  measurement  was  initially  performed  at  Stanford,  California 
through  the  relatively  undisturbed  ionosphere.  The  satellite  was  placed  in  a  sun-synchronous  orbit 
so  that  equatorward  crossings  were  obtained  around  1 120  and  2320  local  time  and  the  auroral 
ionosphere  was  intercepted  in  the  post-midnight  time  frame.  The  nighttime  equator  crossings 
could  have  been  a  couple  of  hours  earlier  for  the  interception  of  most  intense  early  evening 
irregularities. 

DNA  HlLat  Satellite 


The  DNA  HiLat  satellite  was  launched  on  June  27,  1983  in  a  near  circular  800-km  orbit  with 
an  inclination  of  82*.  The  satellite  carried  a  beacon  transmitter  package  similar  to  the  Wideband 
satellite,  but,  in  addition,  performed  satellite  in-situ  measurements  which  were  telemetered  to 
ground  using  the  L-band  transmission  of  the  beacon.  The  objective  of  the  mission  was  to 
characterize  the  phvsical  environment  of  the  upper  atmosphere  through  in-situ  measurements, 
establish  their  refatfonship  with  the  generation  of  plasma  density  irregularities  and  measure  the 
effects  of  the  irregularities  on  radio  wave  proj^ation.  The  beacon  transmitter  provided  cdierent 
transmission  at  L-band  (1239  MHz),  three  UHF  frequencies  (447, 413  and  378  MHz),  and  one  at 
VHF  (138  MHz).  The  L-band  signal  while  serving  as  a  phase  reference  for  phase  scintillation 
measurement  was  also  modulated  by  the  telemetry  signal.  At  the  receiver,  an  L-band  carrier 
recovery  loop  has  been  used  to  generate  the  reference  signal  for  the  demodulation  of  the  telemetry 
data  and  synchronous  demodulation  of  the  UHF  and  Vw  frequencies. 


The  HiLat  satellite  in-situ  instrument  package  consisted  of  a  J-sensor  for  the  measurement  of 
the  local  flux  of  electrons  over  the  energy  range  of  20  eV  to  20  keV  in  16  channels,  a 
magnetometer  for  the  measurement  of  fleld-aligned  'Birkeland*  currents,  an  ion  drift  meter  for  the 
measurement  of  theimal  ion  density  and  cross  track  ion  drift,  a  retarding  potentiiti  analyzer  for  the 
measurement  of  the  ram  component  of  ion  drift,  ion  composition  and  ion  temperature  and  an 
electron  Langmuir  prdie.  In  addition,  a  vacuum  ultraviolet  (UV)  Imager  was  included  to  ot^n 
auroral  UV  images  in  full  daylight  in  selectable  spectral  windows  over  the  range  of  1 100  A  to 
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2078  A.  The  in-situ  package  provided  an  excellent  array  of  instruments  that  characterized  the 
currents,  particles  and  flelds In  the  high  latitude  ionosphere. 

The  data  from  the  HiLat  satellite  were  acquired  at  Sondrestrom,  Greenland  located  in  the 
dayside  cusp  region  and  at  Fort  Churchill..Canada  and  Tromso,  Norway  corresponding  to  two 
auroral  locations  in  the  American  and  European  sectors.  In  addition,  a  portable  Rover  receiving 
system  normally  located  at  Bellevue,  Washington  could  be  deployed  anywhere  at  high  latitudes  to 
perform  campaign  observations. 

The  Polar  Bear  Satellite 

This  satellite  carrying  a  beacon  package  identical  to  that  of  the  HiLat  satellite  but  more  limited 
in-situ  instrumentation  providing  U V  ima^ng  and  magnetometer  measurements  only  was  latinchcd 
in  1986.  Both  HiLat  and  Polar  Bear  satellites  were  monitored  with  identical  receiving  systems  at 
the  four  high  latitude  locations  mentioned  above. 


APPLICATION  OF  SCINTILLATION  MEASUREMENTS 

Scintillation  measurements  have  been  used  as  a  key  diagnostic  for  the  presence  of  the 
irregularities  of  electron  density  in  the  ionosphere.  This  knowledge  is  important,  on  one  hand,  to 
determine  the  spatial  and  temporal  distribution  of  the  ionospheric  irregularities  and  to  understand 
the  physical  processes  that  lead  to  the  formation  of  such  irre|ularities.  On  the  other  hand,  the 
characteristics  of  the  scintillating  signal  structure  determines  how  the  performance  of  a 
communication  link  or  a  radar  system  can  be  degraded.  The  key  scintillation  characteristics  that 
contribute  to  our  knowledge  of  geophysics  and  the  parameters  that  dictate  the  degradation  of 
system  performance  are  briefly  summarized  in  the  following  paragraphs. 

The  key  irregularity  parameter,  namely  the  integrated  electron  density  deviation  (AN)  of  the 
ionospheric  irregularities,  can  be  derived  from  intensity  and  phase  scintillation  measurements.  In 

the  framework  of  weak  scatter  theory  the  intensity  and  phase  scintillation  indices,  S4  and  have 
been  related  [Rino,  1979]  to  AN  and  the  geometrical  term  accounting  for  both  the  geometry  of  the 
propagation  path  and  the  irregularity  anisotropy.  Of  the  two  scintillation  indices,  the  phase  scin¬ 
tillation  index,  o^,  is  more  useful  as  it  is  related,  in  a  straightforward  manner,  to  the  irregularity 
parameters. 

The  other  irregularity  parameter  of  great  importance  to  our  understanding  of  the  generation  of 
irregularities  is  related  to  the  form  and  shape  of  the  irregularity  spectrum.  The  scintillation 
spectrum  reflects  the  form  of  the  irregularity  spectrum  and  the  spectral  index  of  scintillation  has 
b^n  simply  related  to  the  3-dimensional  irregularity  spectral  index.  As  such,  the  spectral  studies 
of  both  intensity  and  phase  scintillations  have  been  performed  and  important  conclusions  regarding 
the  irregularity  spectral  shapes,  spectral  indices  and  drifts  have  been  derived  [Basu  et  al.,  1985]. 

Scintillation  measurements,  because  of  their  relative  simplicity,  have  been  most  useful  in 
determining  global  mr^ology  of  irregularities.  Earlier  reviews  were  presented  by  Aarons  [1982] 
and  Yeh  and  Liu  [1982],  Figure  1  taken  from  S.  Basu  et  al.  [1988]  provides  a  synopsis  of  the 
global  distribution  of  scintillation  occurring  regions  during  the  solar  maximum  and  minimum 
periods. 

Since  the  maximum  scintillation  amplitude  occurs  in  the  equatorial  region,  specialized  reviews 
have  appeared  which  deal  only  with  this  region  [Aarons,  1977;  Basu  and  Basu,  1981;  1985].  The 
latter  two  reviews  discuss  the  impact  of  equatorial  plasma  density  depletions  or  "bullies"  caused 
by  the  Rayleigh  Taylor  instability  [Ossakow,  1981]  on  scintillation  magnitude  and  longitudinal 
variability  in  this  region.  Further,  data  from  the  equatorial  anomaly  region  have  been  used  to  study 
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the  effects  scintiilations  on  communications  and  radar  systems  through  the  variaUlity  of  ^lectral 
ithiipiii,  deconeladon  time,  cumulative  distribudon  funcdons  of  signal  amplitude,  fade  duradons,  the 
distritadon  phase  and  intensity  rates,  and  depolarization  effects  causra  by  diffractive  scattering 
[Su.  Basu  et  al.,  1983;  S.  Basu  et  al.,  1987;  Lee  et  al.,  1982;  Franke  and  Uu,  1983]. 

At  high  ladtudes  the  scindlladon  technique  was  the  first  to  establish  that  the  polar  cap  was  the 
seat  of  large  amplitude  irregularides  during  solar  maximum  [Aarons  et  al..,  1981;  Su.  Basu  et  al., 
1985]  which  could  be  causM  by  the  gradient-drift  instability  occuniM  at  the  edges  of  convecting 
pias««»  dendty  enhancements  Imwn  as  patches  [Weber  et  al.,  1984;  launoda,  1988]  or  by  F-layer 
sun-aligned  arcs  [Weber  and  Buchau,  1981].  The  DNA  Wideband  satellite  did  much  to  elucidate 
the  shMt-like  anisotropy  of  auroral  irregularides  and  their  morphology  [Fremouw  et  al.,  1977; 
Rino  et  td.,  1978;  Rino  and  Matthews,  1980],  while  the  DNA  HiLat  satellite  with  its  complement 
scindllations  and  in-situ  package  was  instrumental  in  identifying  velocity  shears  as  a  viable 
source  of  snmll-scale  irregularides  in  the  ionosphere  [Su.  Basu  et  al.,  1986]. 

Thus  we  find  that  scintillation  measurements,  particularly  in  conjunction  with  other 
diagnosdcs,  have  contributed  greatly  to  our  understanding  of  plasma  processes  in  the  coupled 
magnetosphere-ionosphere-thermosphere  system.  Multi-frequency  scintillation  studies  have 
provid^  guidelines  for  the  design  of  communication  systems. 
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SUMMARY 


The  orbiting  HiLat  satellite  launched  by  the  Defense  Nuclear  Agency  in  1983 
offered  a  unique  opportunity  for  studying  the  ionospheric  scintillation  paraaeters  in 
relation  to  the  In-sltu  aeasureaenta  of  ionization  density,  drift  velocity, 
field-aligned  current,  and  particle  precipitation  during  the  sunspot  alniaua  period. 
This  paper  discusses  the  results  of  such  a  aor phologlcal  study  perforaed  by  the  Air 
Force  Geophysics  Laboratory  based  on  their  observations  at  the  auroral  oval  station  of 
Troaso,  Norway,  The  dynaaics  of  the  spatial  and  teaporal  extent  of  this  region  are 
Illustrated  in  the  Invariant  latltude/aagnetlc  local  tiae  grid.  The  geoaetrlcal 
enhanceaent  of  scintillations  observed  during  the  allgnaent  of  the  propagation  path 
with  the  local  aagnetlc  L-shell  is  shown  to  be  the  aost  consistent  and  conspicuous 
feature  of  scintillations  in  the  nighttiae  auroral  oval.  The  steepening  of  phase 
spectral  slope  in  this  region  is  indicative  of  the  presence  of  L-shell  aligned 
sheet-like  irregularities  at  long  scale  lengths.  The  seasonal  variation  of  total 
electron  content  (TEC)  deteralned  froa  the  differential  Doppler  aeasureaenta  of  HiLat 
transalsslons  is  discussed  in  relation  to  the  in-sltu  density  measurements  at  930  ka. 
The  results  are  also  utilized  to  Illustrate  the  dependence  of  ionospheric  structure 
parameters  on  short-tera  variability  of  solar  activity  during  the  sunspot  alniaua 
period.  Special  effort  is  made  to  Illustrate  that  the  Joint  study  of  scintillation/TEC 
and  in-sltu  paraaeters  provides  an  insight  into  the  nature  of  aagnetospheric  coupling 
with  the  high  latitude  ionosphere. 


INTRODUCTION 

3  • 

A  wide  variety  of  C  I  systems  suffers  degradation  in  performance  due  to  phase  and 
Intensity  scintillations  laposed  by  the  ionospheric  irregularities  of  electron  density. 
There  is  a  great  deal  of  Interest  in  understanding  the  development  of  such 
irregularities  at  high  latitudes  where  the  ionosphere  is  often  strongly  coupled  with 
the  magnetosphere.  In  such  an  environment  the  distant  magnetosphere  serves  to  activate 
different  sources  of. free  energy,  e.g.,  electron  precipitation,  field  aligned  currents, 
electric  fields,  etc.,  that  control  the  foraatlon  of  ionospheric  irregularities.  No 
longer  is  it  possible  to  pursue  a  study  of  the  Irregularity  development  in  the  local 
ionospheric  environment  without  considering  the  coupling  between  the  ionosphere  and  the 
magnetosphere.  This  approach  is  particularly  useful  in  extrapolating  our  knowledge  of 
the  natural  ionospheric  Irregularity  structures  to  problems  related  to  the  structuring 
of  artificially  injected  plasma  clouds  in  the  high  latitude  ionosphere. 

In  an  effort  to  pursue  a  study  of  plasma  structuring  in  the  above  context,  the 
Defense  Nuclear  Agency  (HHA)  launched,  on  27  June  1983,  the  HiLat  satellite  in  a 
circular  SJO-ka  orbit  at  82°  inclination  (Freaouw  et  al.,  1985).  The  satellite 
transaits  coherent  signals  at  137,  390,  (13,  and  &36  MHz  and  the  phase  reference  signal 
St  1239  MHz  to  aessure  complex  signal  scintillation  and  total  electron  content  (TEC). 

It  also  carries  a  variety  of  in-sltu  probes  providing  aeasurements  of  ion  density,  ion 
drift,  energetic  electron  precipitation,  field  aligned  currents,  and  ealssions  at  two 
visible  wavelengths.  All  Instruaents  except  the  Lsngauir  probe,  the  vacuum-ultraviolet 
laager  and  a  part  of  the  aagnetoaeter  continue  to  operate  reliably.  The  major 
objective  of  the  HiLat  aatelllte  program  is  to  provide  a  quantitative  specif Iclation  of 
high  latitude  scintillation  strength  and,  in  particular,  the  teaporal  and  spatial 
spectra  of  intensity  and  phase  fluctuations  and  the  shape  of  the  irregularity 
structures.  These  paraaeters  provided  by  the  radio  beacon  experiaents  are  supported  by 
the  siaultaneous  in-sltu  data  that  define  the  background  ionospheric  processes.  The 
aorphology  of  ionospheric  structures  and  aagnetospheric  control  thereof  derived 
priaarily  froa  HiLat  observations  at  Sondrestroa,  Greenland  have  been  enoner''.ted  by 
Vickrey  et  al.  (I98S). 

In  this  paper  we  shall  concentrate  on  the  HiLat  satellite  observations  perforaed 
by  the  Air  Force  Geophyslca  Laboratory  at  Troaao,  Norway  during  the  19SA-1985  period. 
The  station  is  located  in  the  central  part  of  the  auroral  oval  during  the  nighttime 
under  aagnetically  quiet  conditions  as  defined  by  the  planetary  magnetic  index 
tp  <  3.5.  He'  ahall  study  the  strength  and  the  structure  specifications  of  complex 
signal  scintillations  in  the  spatial  and  teaporal  frames  of  invariant  latitude  and 
aagnetlc  local  tiae.  These  distributions  will  then  be  examined  in  the  context  of 
in-situ  plasma  structures  observed  by  the  HiLat  satellite  in  this  environment  and  the 
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theoretical  predictions  of  structures  that  characteristically  develop  in  this  region 
through  gradient  drift  and  Kelvin  Helnholtz  instability  processes. 

RESULTS 

In  this  section  we  shall  first  Illustrate  the  space  tlae  variations  of  the 
statistical  paraaeters  that  define  the  coaplex  scintillation  aagnltudes  and  their 
structure.  In  order  to  avoid  the  effects  of  aultipath  propagation,  the  data  acquired 
above  a  satellite  elevation  angle  of  20”  were  used  in  the  study.  This  provided  a 
aaxlaua  latitude  coverage  of  about  ±7^  at  an  ionospheric  height  of  350  ka  around  the 
station.  Due  to  precession  of  the  HiLat  orbit  to  earlier  tlaes  each  day,  a  full 
coverage  in  local  tlae  is  also  obtained  over  a  season  (l.e.,  3  aonths)  when  the 
ascending  and  descending  node  passes  are  coablned. 

The  top  and  bottoa  panels  of  Figure  1(a)  illustrate  the  ras  phase  deviation  of 
137  HHs  aclntiriatlon  for  winter  1983  (start  of  observations  in  Deceaber  1983  to 
January  1984)  and  suaaer  1984  (Nay-July,  1984)  respectively  for  Kp  <  3.5.  The  ras 
phase  deviation  is  coaputed  over  a  30-second  data  interval.  Since  the  projected  scan 
velocity  of  the  satellite  is  3  ka/aec  at  350  ka,  the  data  interval  covers  irregularity 
scale  sixes  as  large  as  90  ka.  The  data  are  binned  in  2.5*’  latitude  and  1  hour  tiae 
intervals  and  the  aedlan  values  for  each  bln  are  indicated  in  the  dlagraa.  Each  bin 
contains  at  least  ten  data  points.  The  tic  narks  along  the  noon-nidnlght  and  the 
dawn-dusk  nerldlans  indicate  10^  Intervals  between  50^-90°  Invariant  latitudes  (to  be 
denoted  as  A).  The  sharp  increase  in  ras  phase  deviation  exceeding  5  radians  over  a 
narrow  latitude  swath  (6S'’-67.S”A)  between  the  pre-nldnlght  and  dawn  periods  is  the 
nost  conspicuous  feature  of  both  diagrans.  This  region  of  enhancenent  corresponds  to 
the  location  where  the  allgnnent  of  the  ray  path  with  the  nagnetic  L-shell  occurs  (Rino 
et  al.,  1978).  This  region  also  coincides  with  the  location  of  the  diffuse  aurora 
which  is  the  seat  of  density  Irregularities.  As  we  shall  show  later  the  region  has 
enhanced  total  electron  content  (TEC)  on  a  statistical  basis  due  to  the  occurrence  of 
plasaa  density  blobs.  Thus  a  coabination  of  high  irregularity  aaplitude,  increased  TEC 
and  geoaetrlcal  factors  contribute  to  the  pronounced  increase  of  phase  scintillations. 
Coaparlng  the  top  and  bottoa  panels  of  Figure  1(a)  the  aagnltude  of  phase 

acintlllatlons  during  winter  is  found  to  be  larger  than  suaaer.  This  aay  appear  to  be 

soaewhat  intriguing  because  the  TEC  (to  be  shown  later)  was  higher  in  suaaer.  This 
leads  ns  to  conclude  that  the  irregularities  are  probably  less  preponderant  during 
suaaer  in  the  presence  of  enhanced  ionization  of  the  underlying  B-region. 

The  top  and  bottoa  panels  of  Figure  1(b)  show  the  behavior  of  ras  phase  deviation 
at  137  HHz  during  February-Aprll  and  August-October ,  1984.  The  nlghttiae  enhancenent 
of  phase  deviation  between  6S*’-67,S*’A  is  again  observed.  The  larger  phase  deviation 
observed  during  the  vernal  equinox  can  be  related  to  Increased  solar  activity  during 
this  period  as  will  be  ahown  in  a  subsequent  dlagraa. 

The  renaining  results  will  be  presented  in  a  different  foraat  and  will  indicate 
the  variations  of  the  statistical  paraaeters  with  Invariant  latitude  in  the  nidnight 
and  noon  tlae  periods  only.  These  are  basically  obtained  froa  a  noon-nidnight  cut 
through  the  dial  plots  shown  in  Figures  1(a)  and  1(b).  When  the  nuaber  of  data  points 

in  a  particular  bln  over  the  noon-aidnlght  sector  fall  below  ten,  the  values  are 

extrapolated  froa  an  adjacant  tlae  sector.  Figure  2  shows  such  s  plot  for  ras  phase 
deviation  obtained  during  1984  and  1985.  This  figure  Illustrates  an  overall  decrease 
of  scintillations  in  1985  due  to  decreased  solar  activity. 

The  intensity  scintillation  aagnltudes  have  been  expressed  in  terns  of  the 
standard  S^  index, 'defined  as  the  norasllxed  variance  of  signal  intensity  (Briggs  and 
Parkin,  1963).  Figure  3  shows  the  variation  of  S.  index  at  137  MHz  with  invariant 
latitude  during  noon  and  aidnlght  observed  durlng”l984  and  1985.  The  nlghttiae 
enhanceaenta  of  Ss  index  in  the  region  of  allgnaent  of  the  ray  path  with  the  magnetic 
L-shell  (65'*-67 . 5"A)  is  observed  to  be  much  less  pronounced  when  it  is  compared  to  op 
enhanceaenta  shown  in  Figure  2,  This  Indicates  that  the  L-shell  allgnaent  of  kn-scale 
irregularities  causing  Intensity  scintillations  is  considerably  less  than  the 
Irregularities  in  the  tens  of  kilometers  scale  that  control  the  Op  values.  The 
nlghttiae  scintillation  magnitudes  during  February-Apri 1 ,  1964  are  again  higher  than 
that  during  August-October,  1984  due  to  enhanced  solar  activity. 

In  Figu  re  4,  we  show  the  behavior  of  power  law  spectral  index,  pp,  for  phase 
scintillations  at  137  NHz  during  1984  and  1985.  A  linear  least  square  fit  to  the  phase 
spectrua  indicating  the  variation  of  the  logarithm  of  power  spectral  density  (pad)  with 
the  logarithm  of  frequency  is  obtained  over  the  frequency  interval  of  0.2  Hz  to  10  Hz, 
The  best-fit  line  provides  pp  as  it  defines  the  dependence  of  pad  on  frequency  f  as 
pad  ■  f'’4.  Considering  the  scan  velocity  of  the  ray  path  through  the  F-region,  the  fit 
range  0.2  Hz  to  10  Hz  corresponds  to  the  scale  size  reglae  of  about  15  ka  to  300  a. 

This  regime  encoapaasea  the  dominant  structures  that  causu  phase  and  intensity 
scintillations  at  VHF  and  UHF  over  the  observing  data  interval.  From  Figure  4,  it  nay 
be  noted  that  the  phase  spectral  Index  is  least  affected  by  the  propagation  geometry 
and  does  not  show  significant  variations  with  season  and  solar  activity  in  contrast  to 
the  behavior  of  S.  and  Op.  Thera  exists,  however,  a  tendency  for  pp  to  Increase  around 
65  A,  during  the  nlghttiae.  Since  this  locati  on  corresponds  to  the  sversge  location  of 
the  dlffuae  aurora,  the  associated  E-reglon  conductivity  aay  account  for  damping  the 
short  seals  Irregularities  and  causing  the  phase  spectrua  to  steepen  (Vickrey  and 
Kelley,  1982).  This  steepening  aay  also  arise  froa  increased  pad  at  larger  scales  in 
the  geoaet'rical  enhanceaont  region  due  to  better  L-ahell  alignment  of  large  scale 
irregularities  as  noted  in  connection  with  the  increased  o^  in  comparison  with  S^.  The 
enhanceaenta  of  pp  are,  however,  saooth  and  distributed  in  contrast  to  the  sharp 
gsoaetrlcsl  enhanceaenta  of  Op.  Frobably,  the  spectral  steepening  arises  from  an 
interplay  of  both  geophysical  and  geometrical  effects. 
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The  conb  of  three  UHF  transniasions  from  HlLat  is  used  to  derive  the  total 
electron  content  of  the  ionosphere  up  to  the  satellite  altitude  of  830  km  by  the 
differential  Doi^lcr  technique  (Frembuw  et  al . ,  1978).  Figure  S  shows  the  latitude 
variation  of  median  TEC  values  during  the  noon  and  midnight  for  different  seasons.  The 
next  dlagrsa.  Figure  6,  shows  the  observed  variation  of  noontime  TEC  in  relation  to  the 
sunspot  number.  The  effects  of  the  solar  activity  and  season  on  TEC  appear  to  be 
coupled.  At  high  latitudes,  owing  to  the  nesr  vertical  orientation  of  the  earth's 
magnetic  field,  the  ionospheric  irregularities  of  electron  density  at  F-region  height 
are  usually  extended  in  altitude.  The  Integrated  effect  of  the  irregularities  on  radio 
wave  propagation,  such  as  scintillation,  is  therefore,  weighted  by  the  total  electron 
content  of  the  ionosphere.  Thus  measurements  of  irregularity  amplitude,  AN/N  (AN  being 
the  rms  electron  density  fluctuation  end  M  the  background  density),  and  total  electron 
content  may  fora  the  basis  for  a  modeling  of  scintillation  magnitudes. 

Among  the  various  in-situ  parameters  probed  by  the  satellite  borne  sensors,  the 
In-sltu  ion-density  measurement  is  an  Important  parameter.  In  the  F-region,  due  to 
charge  neutrality,  the  electron  and  ion  densities  are  equal.  Figure  7  shows  the 
variation  of  this  parameter  with  latitude  in  the  noon-midnight  time  frame  as  a  function 
of  season  in  1984  and  1985  during  magnetically  quiet  conditions.  The  ion  density  at 
830  km  is  observed  to  follow  closely  the  pattern  of  TEC  variations  shown  earlier  in 
Figure  5.  The  ion  density  variations  are  also  controlled  by  both  solar  activity  and 
season . 

Although  we  did  not  illustrate  the  variation  of  scintillations  and  background 
ionospheric  parameters  with  magnetic  activity,  it  should  be  emphasized  that  the 
magnetic  activity  in  addition  to  sunspot  number  exerts  overwhelming  control  of 
scintillations  at  high  latitudes  (Basu  and  Aarons,  1980;  Basu  et  al.,  1985).  Our  HiLat 
observations  Indicate  that  during  magnetically  active  conditions  scintillation 
magnitudes  are  enhanced  during  the  nighttime  and  the  region  of  enhanced  activity 
extends  both  in  the  poipward  and  the  equatorward  directions.  Irrespective  of  the  level 
of  solar  activity,  scintillations  are  enhanced  during  magnetic  disturbances. 

DISCUSSIONS 


Ve  have  shown  that  the  most  notable  feature  in  the  observed  scintillation 
morphology  at  this  auroral  station  even  under  magnetically  quiet  to  moderate  conditions 
is  the  enhancement  of  scintillations  over  a  narrow  latitude  Interval  centered  at  6S°A 
in  the  nighttime  sector.  This  narrow  band  Increase  of  scintillations  coincides  with 
the  expected  region  of  geometrical  enhancement  due  to  the  alignment  of  the  ray  path 
with  the  magnetic  L-shell  oriented  irregularities.  It  is  interesting  to  note  that  the 
boundary  blobs  which  signify  plasma  density  enhancements  also  occur  in  this  region 
(Rino  et  al,,  1983),  The  spatial  configuration  of  the  blobs  is  controlled  by  the  high 
latitude  convection  pattern  which  is  mostly  E-W  in  the  auroral  region  (Heelis  et  al,, 
1982).  Robinson  et  al.  (1985)  have  shown  with  the  help  of  simulation  studies  that  even 
a  primarily  circular  patch  of  ionization  being  convected  in  from  the  polar  cap  would 
assume  a  narrow  in  latitude  and  elongated  in  longitude  shape.  These  blobs  can  also 
develop  small  scale  irregularities  on  their  trailing  edges  through  ExB  instability 
mechanisms.  In  general,  the  plasma  blobs  transported  from  distnnt  regions  get 
continually  structured  in  the  convection  field  and  contribute  a  major  source  of 
nighttime  auroral  scintillations. 

The  other  notable  finding  related  to  the  scintillation  structure  is  the  steep 
phase  spectral  slopes  observed  in  the  region  of  geometrical  enhancement.  This  region 
coincides  with  thC  central  part  of  the  diffuse  aurora  under  magnetically  quiet 
conditions  as  has  been  recently  shown  by  Hardy  et  al.,  (1985)  from  DMSP  satellite 
observations.  Unlike  the  limited  HlLat  satellite  data  base  of  particle  precipitation 
the  DNSP  satellites  have  provided  a  very  large  amount  of  data  which  have  been  organized 
by  Hardy  et  al.  to  show  the  characteristic  variations  of  particle  precipitation  with 
magnetic  activity.  The  average  energy  of  the  particle  precipitation  in  the  diffuse 
auroral  region  is  on  the  order  of  a  few  keV  which  is  sufficient  to  produce  a  conducting 
E-region.  This  could  reduce  the  lifetime  of  small  scale  irregularities  ('wlOO  m)  and 
contribute  to  the  observed  steepening  of  the  phase  spectral  indices.  Basu  et  al. 

(1984)  have  Illustrated  such  steepening  of  in-situ  density  spectra  in  regions  of 
energetic  auroral  particle  precipitation. 

The  structures  present  in  the  in-situ  ion  density  probed  by  the  HlLat  satellite 
have  recently  been  investigated  (Helmer  1987).  This  study  indicates  that 
plasma  density  blobs  at  830  km  are  concentrated  over  a  fairly  narrow  latitude  Interval. 
This  region  when  napped  down  the  magnetic  field  line  corresponds  approximately  with  the 
region  of  enhanced  scintillations.  These  results  indicate  that,  on  a  statistical 
basis,  the  blobs  in  addition  to  their  C-W  extent  are  also  extended  along  the  magnetic 
field  lines  to  the  topside  ionosphere.  The  altitude  profiles  of  the  blobs  have  been 
published  earlier  using  Incoherent  scatter  radar  measurements  (Vickrey  et  al,,  1980). 

The  extension  of  blobs  to  altitudes  as  high  as  830  km  indicates  that 
msgnetospherlc  coupling  effects  need  to  be  Included  in  the  analysis  of  high  latitude 
F-layer  instabilities.  The  incluaion  of  ion-inertia  in  the  fxB  Inatablllty  theories 
results  in  a  reduction  of  growth  ratea  and  generation  of  irregularities  with  spectral 
isotropy  (Mitchell  et  al.,  1985).  In  the  non-inartlal  domain  the  Irregularity  spectra 
become  anisotropic  in  the  north-south  and  the  east-west  directions.  Thus,  the 
irregularity  spectral  indices  are  expected  to  be  different  in  the  north-south  and 
east-west  directions  in  the  non-inertisl  case  and  Identical  for  the  inertial  case.  At 
Tromso,  in  addition  to  making  HlLat  observations  that  provide  a  north-south  scan 
through  the  ionosphere,  we  have  performed  scintillation  observations  with 
near-stationary  polar  beacon  satellites  which  provide  an  east-west  scan  controlled  by 
ionospheric  motion.  The  .spectral  indices  of  both  sets  of  measurements  are  found  to  be. 
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approximately  equal  indicating  that  the  inertial  effects  are  Important  in  the 
generation  of  kilometer  scale  irregularities  at  high  latitudes  which  cause  VHF 
scintillations. 

Another  type  of  auroral  irregularity  not  associated  with  large  scale  organized 
density  gradients  (such  as  to  be  found  on  the  edges  of  blobs)  but  associated  with 
velocity  shears  with  shear  gradient  scale  lengths  ~10  km  has  been  identified  from  HiLat 
observations  (Basu  et  al.,  1986).  These  irregularities,  having  considerable  psd  at  the 
shorter  scales,  can  cause  intense  VHF  scintillations  at  the  edges  of  auroral  arcs  in 
association  with  upward  field  aligned  currents.  In  view  of  the  well-known  temporal  and 
spatial  variability  of  auroral  arcs,  the  signature  of  such  velocity  shears  will  be 
difficult  to  Identify  in  a  statistical  study  of  auroral  scintillations. 
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Two  algorithms  which  provide  a  statistical  treatment  to  the  estimation  of  the  parameters  of  the 
cross<orrelation  ai.alysis  of  spaced-receiver  data  are  reviewed.  Their  results  are  compared  using  sig¬ 
nals:  (1)  transmitted  by  a  quasi-slationary  polar  beacon  and  received  at  Goose  Bay,  Labrador  (S3.3‘’N, 
60.3‘W);  and  (2)  transmitted  by  the  orbiting  Hilat  satellite  and  received  at  Tromia,  Norway  (69.7°N, 
I8.9‘'E).  A  good  general  agreement  is  displayed  in  this  comparison.  The  former  eaperiment  indicates  the 
possibility  of  eatreme  daily  variations  in  the  anisotropy  of  the  ground  diffraction  pattern  and  in  the 
true  drift  velocity  of  the  in  situ  irregularities.  The  latter  experiment  displays  geometrical  enhancements 
in  the  intensity  scintillation  index  ,  in  the  rms  phase  fluctuation  a^  and  in  the  axial  ratio  of  the  ellipse 
which  characterizes  the  anisotropy  of  the  ground  diffraction  pattern,  around  the  region  of  local  L  shell 
alignment  of  the  ray  paths.  Increases  of  these  parameters  also  are  observed  northward  of  Tromse. 
These  observations  are  thus  consistent  with  a  morphological  model  for  anisotropy  of  high-latitude 
nighttime  F  region  irregularities  proposed  in  the  literature.  Next,  a  possible  dependence  of  the  results  of 
the  spaced-receiver  measurements  on  the  receiver  baselines  is  discussed.  It  is  argued  that  this  mecha¬ 
nism  could  be  responsible  for  the  relatively  small  values  of  the  anisotropy  of  the  diffraction  pattern 
obtained  from  the  Hilat  measurements  at  Tromso.  Finally,  a  procedure  which  combines  a  simple 
propagation  model  of  the  spaced-receiver  experiment  with  a  nonlinear  minimization  algorithm  is 
proposed  to  estimate  the  anisotropy  of  the  in  situ  irregularities  from  that  of  the  diffraction  pattern. 


1.  INTRODUCTION 

The  cross-correlalion  analysis  of  spaced-receiver 
data  has  been  developed  from  the  original  idea  that 
signals  received  on  the  ground  by  spaced  probes  after 
an  interaction  with  the  ionosphere  display  similar 
structures  displaced  in  time.  Dividing  the  separations 
between  the  probes  by  the  respective  average  time 
delays  between  the  similar  structures,  an  initial  esti¬ 
mate  for  an  apparent  drift  velocity  of  the  diffraction 
pattern  defined  on  the  ground  can  be  obtained.  A 
refinement  of  this  idea  uses  the  autocorrelation  and 
the  cross-correlation  functions  of  the  received  signals 
to  also  estimate  the  anisotropy  and  the  true  drift 
velocity  of  this  diffraction  pattern.  This  radio  tech¬ 
nique  is  relatively  well  established  [Mffra,  1949; 
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Briggs  et  al.,  1950;  Phillips  and  Spencer,  1955;  Kent 
and  Koster,  1966;  Rino  and  Livingston,  1982]  and  has 
been  applied  to  ionospheric  studies  at  Ihe  equatorial 
region  [Bnsti  et  al.,  1986],  in  mid-latitudes  [Moor- 
croft  and  Arima,  1972]  and  al  high  latitudes  [Lie- 
Ing.sion  et  al.,  1982]. 

Several  algorithms  have  been  proposed  in  the 
literature  to  perform  the  cross-correlalion  analysis  of 
spaced-receiver  data.  Two  of  these,  which  not  only 
recognize  the  statistical  nature  of  the  present  prob¬ 
lem  but  also  are  well  suited  for  implementation  in 
digital  computers,  are  reviewed  here.  The  first  algo¬ 
rithm  is  a  slightly  generalized  version  of  that  pro¬ 
posed  by  Fedor  [1967].  The  second  has  been  suggest¬ 
ed  by  Rina  and  Livingston  [1982],  based  on  a  pre¬ 
vious  work  by  Armstrong  and  Coles  [1972],  devoted 
to  interplanetary  scintillation  studies.  Results  from 
the  two  algorithms  are  compared,  using  signals:  (I) 
transmitted  by  a  quasi-^eostationary  polar  beacon 
and  received  at  Goose  Bay,  Labrador  (53.3'’N, 
60.3  W);  and  (2)  transmitted  by  the  orbiting  Hilat 
satellite  and  received  at  Tromso,  Norway  (69.7''N, 
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I8.9‘’E).  In  spite  of  the  difTcrent  features  of  the  two 
algorithms,  a  good  general  agreement  between  their 
results  is  observed.  Possible  sources  of  occasionally 
observed  differences  also  are  discussed.  The  results  of 
experiment  I  display  extreme  daily  variations  of  the 
anisotropy  and  the  true  drift  velocity  of  the  ground 
diffraction  pattern.  Temporal  variations  of  these  pa¬ 
rameters  occurring  on  short  time  scales  also  are  ob- 
•  served.  Experiment  2  seems  to  reproduce,  at  Tromso, 
the  morphological  results  from  the  Poker  Flat/Wide¬ 
band  spaced-receiver  measurements  IFremouw  et  at., 
1978;  Rino  et  at.,  1978;  Livingston  et  at.,  1982].  It  is 
observed,  however,  that  the  anisotropy  of  the  ground 
diffraction  pattern  resulting  from  the  Tromso/Hilat 
measurements  seems  to  be  less  significant  than  the 
similar  result  from  the  Goose  Bay/polar  beacon  or 
the  Poker  Flat/Wideband  experiments.  There  is  theo¬ 
retical  (and  not  entirely  conclusive)  evidence  that  this 
difference  may  be  due  to  a  scale  size  dependence  of 
the  anisbtropy  of  the  in  situ  irregularities.  This  evi¬ 
dence  is  briefly  reviewed.  Another  possible  expla¬ 
nation  for  the  above  observation,  also  discussed  here, 
is  the  dependence  of  the  results  from  the  spaced- 
receiver  analysis  on  the  distance  between  the  probes 
IGolley  and  Rossiter,  1970]. 

To  interpret  the  measurements  in  terms  of  the  ani¬ 
sotropy  and  the  drift  velocity  of  the  in  situ  irregu¬ 
larities,  a  propagation  model  of  the  spaced-receiver 
experirrient  is  presented.  This  model  assumes  (I)  a 
'‘space-time”  correlation  function  for  the  random 
fluctuations  in  the  electron  density  of  the  ionosphere 
whose  surfaces  of  constant  correlation  levels  are 
characterized  by  concentric  ellipsoids,  and  (2)  a  re¬ 
lationship  between  the  fluctuations  in  the  phase  of 
the  received  signal  and  the  irregularities  in  the  elec¬ 
tron  density  in  the  F  region  given  by  geometrical 
optics.  A  simple  equation  is  then  obtained  for  the 
drift  velocity  of  the  ground  diffraction  pattern  as  a 
function  of  the  drift  velocity  of  the  in  situ  irregu¬ 
larities  and  the  satellite  velocity.  When  the  satellite 
velocity  is  negligible  (such  as  in  the  case  of  geosta¬ 
tionary  or  quasi-geostationary  satellites),  it  is  easy  to 
estimate  the  drift  velocity  of  the  ionosphere  from  that 
of  the  diffraction  pattern.  Further,  it  is  shown  that 
the  ellipses  which  characterize  the  anisotropy  of  the 
diffraction  pattern  arc  geometrical  projections  along 
the  ray  path  onto  the  ground  of  the  anisotropy  ellip¬ 
soids  of  the  in  situ  irregularities.  Since  there  is  a  con¬ 
tinuum  of  ellipsoids  which  could  be  projected  onto 
the  same  ellipse,  the  estimation  of  the  anisotropy  of 
the  in  situ  irregularities  from  that  of  the  diffraction 


pattern  is  not  so  straightforward  as  in  the  case  of  the 
drift  velocity.  It  is  suggested,  however,  that,  under  a 
few  assumptions,  it  is  possible  to  estimate  an  average 
anisotropy  of  a  certain  volume  of  the  ionosphere 
from  the  observation  of  multiple  and  reasonably  dif¬ 
ferent  anisotropy  ellipses  of  the  ground  diffraction 
pattern.  This  is  accomplished  by  an  “inversion”  of 
the  propagation  model,  performed  by  a  nonlinear 
minimization  of  the  rms  error  between  measured  and 
calculated  values  of  the  anisotropy  of  the  diffraction 
pattern. 

2.  ALGORITHMS  FOR  THE  CORRELATION  ANALYSIS 

OF  SPACED-RECEIVER  DATA 

Assume  the  existence  of  n,  receivers  on  the  ground, 
located  at  x,  =  (.<,,  >|), «  =  1,  2 . n,,  which  simulta¬ 

neously  receive  transionospheric  signals  s,(r).  It  is 
also  assumed  that  these  signals  are  stationary,  with 
zero  mean  and  unit  standard  deviation,  and  are  sam¬ 
pled  at  the  frequency  /,.  Further,  it  is  assumed  that 
the  correlation  functions  Pij(Tk)  =  0,(t)sj(t  +  !»)>, 

where  t,  =  (k  —  1)//,,  with  k  =  I,  2 . A/,  have  been 

calculated  for  all  possible  combinations  of  indices  i 
and  j. 

Apparently,  the  most  general  characterization  for 
these  correlation  functions  assumes  that  they  are  spe¬ 
cial  cases  of  a  single  function  of  three  variables.  Of 
these  three  variables,  two  represent  the  vector  spac¬ 
ing  between  receivers  and  the  other  time  delay  be¬ 
tween  different  observations.  These  variables  are 
combined  into  a  single  argument,  in  such  a  way  that 
surfaces  of  constant  argument  define,  in  this  three- 
dimensional  space,  ellipsoids  of  different  sizes  but  of 
constant  shape.  That  is, 

F„(r,)=R{[Ajt^OAz]'^!  (I) 

where 


=  (AXj^,  Ay,;,  r,).  A.Xy  =  Xj  -  .x,..  Ay,;  =  \j  -  y, 
and  the  superscript  T  will  always  represent  the  trans¬ 
pose  of  a  matrix.  The  parameters  a.  h,  c,  f.  g  and  h  arc 
constants  to  be  estimated  by  the  analysis.  It  is  suf¬ 
ficiently  general  for  the  present  purposes  to  assume 
that  B  is  a  decreasing  function  of  its  argument,  nor¬ 
malized  in  such  a  way  that  R(0)  =  I.  The  original 
justification  for  this  characterization  of  the  corre¬ 
lation  functions  can  be  found  in  Rriggs  et  at.  [1950]. 
It  will  he  seen  in  a  later  section  that  it  also  is  consis- 
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Fig.  I.  Skelch  of  auto-  and  cross-correlation  functions  of 
spaced  receiver  signals,  showing  the  time  delays  used  by  the  modi¬ 
fied  Fedor  (MF)  algorithm. 

tent  with  an  analogous  characterization  of  the 
random  electron  density  fluctuations  in  the  iono¬ 
sphere,  combined  with  a  simple  thin  phase-screen 
scintillation  model. 

Two  algorithms  which  have  been  proposed  to  de¬ 
termine  the  constants  of  the  ellipsoids  will  be  com¬ 
pared.  Besides  being  well  suited  for  implementation 
in  digital  computers,  both  use  the  redundant  infor¬ 
mation  available  in  the  correlation  functions  lo 
create  generally  overdelermincd  systems  of  linear 
equations,  which  are  then  solved  using  the  least 
squares  method.  Tht^  approach  thus  recognizes  the 
statistical  nature  of  the  problem.  Therefore,  in  prin¬ 
ciple,  the  solutions  so  obtained  would  be  more  accu¬ 
rate  than  those  resulting  from  any  algorithm  uiing 
only  the  minimum  amount  of  information. 

The  first  algorithm  is  a  slightly  modified  version  of 
that  suggested  by  Fedor  [1967],  which  originally  as¬ 
sumed  a  Gaussian  form  for  the  function  R.  As  it  will 
be  seen,  the  autocorrelation  function  (/  in  (f ))  pro¬ 
vides  all  the  information  on  R  which  is  necessary  for 
the  estimation  of  the  parameters.  The  Gaussian  as¬ 
sumption  can  thus  be  avoided. 

Let  R,  be  the  value  of  the  cross-correlation  func¬ 
tion  at  the  time  delay  t, .  One  can  calculate, 

using  a  reasonable  interpolation  method,  the  time 
delay  r,  such  that  R,  =  /'mIt,).  illustrated  in 
Figure  I.  From  the  equality  /»y(t,)  =  and  the 
assumption  that  R  is  a  decreasing  function,  it  follows 
that 

1 1  /<  •  O  Ax  -  cT,*]  -  rj  -  t*  131 


This  expression  can  be  used  as  a  building  block  for  a 
X  5  system  of  linear  equations  D5-U5=T5, 
where  U,  =  (n,  h,  b,f,  g)/c.  The  rows  in  this  system 
are  obtained  by  selecting  diflerent  combinations  of 
cross-correlation,  autocorrelation  functions  and  time 
delays  t,  in  (.1),  from  which  the  values  of  the  elements 
of  the  matrices  Djln^  x  S)  and  T5(nf  x  I)  are  easily 
inferred. 

The  second  algorithm  has  been  proposed  by  Rino 
and  Livintfston  [I9R2],  based  on  a  previous  work  by 
Annstront)  and  Coles  [1972].  This  algorithm,  which  is 
fully  described  in  the  previous  references,  uses  the 
maxima  and  the  crossings  of  the  correlation  func¬ 
tions  to  determine,  in  a  two-step  procedure,  the  un¬ 
known  coefficients  in  (2).  That  is,  after  all  maxima 
and  crossings  of  correlation  functions  have  been  esti¬ 
mated,  an  analogous  n„|,  x  3  linear  system  D,  • 
U,  =  Tj,  where  Uj  =  (a.  fi,  h)/c.  is  obtained.  Once 
this  system  of  equations  is  solved,  the  values  for  a/c, 
h/c  and  h/c  can  be  substituted  into  another  x  2 
linear  system  Dj  •  LIj  =  Tj.  Here,  Gj  =  co¬ 

incides  with  the  drift  velocity  V  of  the  diffraction 
pattern  defined  on  the  ground. 

The  linear  systems  obtained,  all  of  the  form 
O  •  U  =  T.  ate  generally  overdetermined  and  should 
be  solved  by  the  least  squares  method.  Assuming  the 
observations  T  are  uncorrelated,  it  follows  that  the 
general  solution  to  those  systems  is  of  the  form 

1)  =tD’^  D)-' -D^-T  |4) 

As  pointed  out  by  Fedor  [1967]  and  Banerji  [I960], 
the  observations  T  actually  are  correlated.  The  avail¬ 
able  solution  to  this  more  general  situation  is  rela¬ 
tively  cumbersome,  since  it  involves  the  calculation 
and  inversion  of  the  covariance  matrix  of  the  obser¬ 
vations.  a  formidable  task  even  for  the  most  powerful 
computers.  Fortunately,  as  indicated  by  Scheffe 
[1959],  the  estimate  represented  by  (4)  will  still  con¬ 
verge  to  the  desired  solution  as  the  number  of  obser¬ 
vations  increases. 

Once  the  parameters  of  the  ellipsoids  are  deter¬ 
mined.  those  characterizing  the  anisotropy,  the  true 
drift  velocity  and  the  characteristic  velocity  of  the 
diffraction  pattern  are  calculated  as  prescribed  by 
Kent  and  Rosier  [1966].  The  anisotropy  is 
characterized  by  the  common  axial  ratio  AR  and 
orientation  4',  of  the  major  axes  of  the  similar  el¬ 
lipses  along  which  the  ellipsoids  in  (I)  intersect  the 
plane  t  =  0.  The  true  drift  velocity  of  the  diffraction 
pattern  is  defined  in  terms  of  its  amplitude  V  and  its 
direction  4*,..  The  characteristic  velocity  F, ,  defined 
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by  Briggs  et  ai  [1950],  provides  a  measure  of  the 
amount  of  internal  motion  talcing  place  in  the  dif¬ 
fraction  pattern. 

It  should  be  realized  that  the  fact  that  normalized 
(with  respect  to  c)  coeflidents  have  been  obtained  by 
the  two  algorithms  imposes  no  limitation  on  the  cal¬ 
culation  of  the  parameters  AR,  4',,  I',  4*,  and  I'. 
That  is.  due  to  assumptions  associated  with  (I),  it  has 
been  found  that  these  parameters  depend  on  the 
common  shape  of  the  ellipsoids,  but  not  on  their 
sizes. 

Omitting  the  indices,  the  argument  within  square 
brackets  in  (1)  can  be  rewritten  in  the  form 


Ax^  Q-  Ax 


/Ax-F.ty/d  kVAx-l/.A 
\Ay-V,x){h  bA^y-K^J 


+  kt^  (S) 


where  c  =  k  +  (aVl  +  IhV^  I'  +  bV^).  As  discussed 
by  Briggs  [1968],  the  first  term  in  the  right-hand  side 
of  (5)  represents  the  ‘Yrozen-in"  motion  contribution 
to  the  correlation  functions.  The  term  kt^  represents 
the  random  motion  contribution  to  the  same  func¬ 
tions.  There  is  then  an  implicit  assumption  in  (I)  that 
these  two  motions  additively  contribute  to  the  corre¬ 
lation  functions  through  the  same  (quadratic)  func¬ 
tional  form.  Also,  it  can  be  shown  that  k  =  0  is 
equivalent  to  VJV  =  0.  Results  show  that  some¬ 
times  is  a  nonnegligible  fraction  of  y.  indicating  that 
a  pure  "frozen-in*'  motion  is  not  always  in  good 
agreement  with  the  observations.  However,  it  is  seen 
that  assuming  k  ^0,  besides  artificially  imposing  the 
condition  K,  =  0,  will  9nly  affect  the  value  of  c.  Since, 
as  seen  in  the  previous  paragraph,  this  has  no  effect 
on  the  common  shape  of  the  ellipsoids,  one  con¬ 
cludes  that  ,  within  the  scope  of  the  present  theory, 
the  pure  "frozen-in”  assumption  will  provide  aniso¬ 
tropies  and  drift  velocities  of  the  diffraction  pattern 
which  are  no  different  from  those  calculated  by  the 
general  equation  (I). 

Another  implicit  assumption  is  that  (5) 
characterizes  an  ellipsoid.  Obviously,  this  is  only  true 
when  the  same  equation  defines  a  positive-definite 
quadratic  form.  That  is,  one  should  have  a  >0,  ab 
—  >0  and  k  >  0.  Imposing  these  nonlinear  con¬ 

straints  upon  the  solution  of  the  system  D  •  U  =  T 
by  the  least  squares  method  would  certainly  increase 
the  level  of  difficulty  of.  the  present  problem,  as  well 
as  the  computer  time  needed  to  solve  it.  Instead,  it 
has  been  preferred  to  let  those  conditions  result  from 
the  "good  behavior”  of  the  experimental  data. 

Before  commenting  on  some  possible  conse¬ 
quences  of  this  approach,  it  will  be  useful  to  summa¬ 


rize  some  aspects  of  the  algorithms  already  described. 
As  previously  indicated,  the  main  feature  of  the  Rino- 
Livingston  algorithm  is  its  use  of  only  the  time 
delays  for  maxima  of  the  cross-correlation  functions 
or  the  crossings  between  pairs  of  (auto-  or  cross) 
correlation  functions.  On  the  other  hand,  as  indicat¬ 
ed  by  (3).  the  modified  Fedor  algorithm  uses  time 
delays  for  all  available  observations  of  the  cross  cor¬ 
relation  functions.  Thus  at  least  in  principle,  the 
modified  Fedor  algorithm  will  operate  over  a  larger 
range  of  time  delays  than  that  of  the  Rino- Livingston 
algorithm. 

Further,  it  should  be  mentioned  that  skewness  is 
usually  observed  around  the  maxima  of  the  mea¬ 
sured  cross-correlation  functions.  Skewness  has  been 
explained  in  terms  of  random  velocity  fluctuations  in 
the  ionosphere  or  regular  velocity  variations  along 
the  ray  path  [McGee,  1966;  Briggs  and  Colley,  1968; 
Wernik  et  ai,  1983].  This  feature  has  been  neglected 
in  (I).  Occasionally,  this  disagreement  becomes  a 
serious  source  of  difficulty,  causing  at  least  one  of  the 
algorithms  to  estimate  a  set  of  parameters  which 
does  not  satisfy  the  inequalities  characterizing  a 
positive-definite  quadratic  form.  When  this  happens, 
it  has  been  chosen  to  reject  the  whole  set.  Fortu¬ 
nately,  as  the  results  to  be  discussed  in  a  later  section 
will  show,  the  discrepancy  between  modeled  (through 
(D)  and  measured  correlation  functions  is  not  severe 
enough  to  prevent  the  algorithms  to  calculate  a  con¬ 
sistent  set  of  parameters  in  a  large  fraction  of  the 
cases  analyzed. 

On  the  other  hand,  moderate  to  small  skewness  of 
the  cross-correlation  functions,  combined  with  the 
difference  in  the  ranges  of  time  delays  over  which  the 
two  algorithms  operate  or  even  with  the  different 
ways  through  which  they  process  the  data,  could  be 
translated  into  differences  between  their  estimates. 
Again,  the  results  to  be  presented  later  will  show 
that,  although  there  occasionally  arc  significant  dif¬ 
ferences,  the  agreement  between  the  two  algorithms 
is  generally  good. 

.1.  A  MODEL  OF  THE  SPACED-RECEIVER 
EXPERIMENT 

Let  the  region  of  the  ionosphere  where  electron 
density  irregularities  exist  be  represented  by  a  plane 
horizontal  slab  situated  between  the  heights  and 

-f  AL  (AL  representing  its  thickness),  as  shown  in 
Figure  2.  The  random  fluctuation  SN{R.  r)  in  the 
electron  density  within  the  layer  is  assumed  to  have 


29 


COSTA  ET  AL.:  ANALYSIS  OF  SPACED-RECEIVER  MEASUREMENTS 


145 


Fig.  2.  Geometry  assumed  by  the  model  of  the  spaced-receiver 
experiment. 


soids  with  axes  in  the  ratio  1 : 8:^4.  In  this  reference 
frame,  the  term  involving  Ar  represents  the  contri¬ 
bution  to  the  correlation  function  of  random  density 
changes  with  time,  while  the  remaining  terms  in  the 
argument  represent  contributions  due  to  density  fluc¬ 
tuations  in  space.  Implicit  in  (6),  and  important  to 
the  spaced-receiver  analysis  IBriggs,  1968],  is  the  as¬ 
sumption  that  spatial  and  temporal  correlation  func¬ 
tions  have  the  same  form. 

Taking  the  Fourier  transform  of  the  previous 
equation,  it  is  found  that  the  corresponding  power 
spectral  density  of  the  irregularities  can  be  expressed 
in  the  general  form 

P^<K,  w)  =  <,SN^y  I  dAK  dAr 

=  dn^ABCiSN^y  f  p>  R»  dp  =  Q^[q)  (7) 

Jo 

where  J,(p)  is  the  Bessel  function  of  first  kind  and 
first  order  and  q  =  {Kf  -I-  B^Kf  +  -b 

Similarly,  it  is  seen  that  (7)  defines  ellipsoids  of  con¬ 
stant  power  spectral  density  levels.  Their  axes,  how¬ 
ever.  are  in  the  ratio  1 :(!//?)  :(l/y4).  The  inverse  Fou¬ 
rier  transform  associated  with  (7)  gives 


zero  mean,  total  power  equal  to  <3yv*>  and  to  be 
homogeneous  and  anisotropic,  with  its  “space-time” 
correlation  function  being  characterized  by 

p^(AH.  Ax)  =  R;,.l[Ar'  +  (A//B)' 

+  iAslA)^  +  (Ar/Cl'l'  =  R^lp)  (6) 

in  the  reference  frame  ns  aligned  with  the  geomag¬ 
netic  field,  as  shown  in  Figure  3,  and  moving  with 
the  drift  of  the  irregularities  (which  drift  is  assumed 
to  remain  constant  throughout  the  slab).  The  param¬ 
eters  A,  B,  and  C  are  constants  and  it  is  assumed  that 
R^p)  is  a  decreasing  function  of  its  argument,  nor¬ 
malized  by  the  condition  R><0)  =  I.  Here,  in  the  re¬ 
mainder  of  this  paper,  as  well  as  in  the  companion 
paper  [Co.sfri  and  Fouqere,  this  issue],  three- 
dimensional  position  vectors  or  their  increments  will 
be  represented  by  upper  case  variables,  to  distinguish 
themselves  from  two-dimensional  position  vectors, 
their  increments  (generally  defined  on  the  plane  2  =  0 
shown  in  Figure  2)  or  the  components  of  any  vector, 
which  will  be  represented  by  lower  case  variables. 

It  is  seen  that  the  components  of  the  space-lag 
vector  AR  =  (Ar,  Ar,  A.r)  are  combined  in  such  a  way 
that  surfaces  of  constant  correlation  levels  are  ellip¬ 


Pf,(AR.  At) 


_ L_f'' 


P^tK.  (o)f'"'’'''  “  *■'  dK  dio 


<?’  (?.^J 

Jn  (r<f> 


4n’ABC<fiN^>  J„  (pq) 
where  p  has  been  defined  in  (6). 


,(<?)  dq  =  R»  (8) 


Fif.  y  Geometry  for  the  geomagnetic  field  at  the  penetration 

pAiini  P. 
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To  evaluate  the  efTects  of  the  medium  on  a  signal 
transmitted  by  a  satellite  S  and  received  on  the 
ground,  it  is  convenient  to  characterize  the  corre¬ 
lation  function  of  the  density  fluctuations  in  a  differ¬ 
ent  reference  frame.  This  will  be  done  by  initially 
applying  two  successive  rotations  AX' »  R, .  aR  and 
AX"  =  R,  •  AX'.  The  former  is  performed  around  the 
penetration  point  P  (where  the  ray  path  intersects  the 
plane  at  the  center  of  the  irregularity  layer),  being 
characterized  in  Figure  3.  On  the  other  hand,  the 
reference  frame  .v'y'z"  has  its  axes  respectively 
aligned  with  the  northward,  eastward  and  downward 
directions  defined  at  the  origin  O  shown  in  Figure  2 
(that  is,  they  are  parallel  to  the  axes  x,  y  and  z).  The 
latter  rotation  thus  takes  the  sphericity  of  the  earth 
into  account.  It  is  assumed,  however,  that  both  refer¬ 
ence  frames  x'y'z'  and  x'y'z"  are  also  moving  with 
the  drift  velocity  of  the  irregularities.  Performing  the 
indicated  transformations,  the  correlation  function  of 
the  density  fluctuation  can  be  written  in  the  reference 
frame  x'y'z"  as 

Ar) 

.  C  A  -  AX'  +  (At/O*]''*}  (9a) 

where 

(AX')'  ~  (Ax',  Ay".  Ar') 

C„  =  cos'  0  sin’  /  +  cos’  0  cos’  //A’  +  sin’  0/B’  (9fc) 

C„  =  sin’  D  sin’  /  +  sin’  D  cos’  //A’  +  cos’  0/B’  (9c) 

C„  =  cos’  /  +  sin’  HA*  (9d) 

C,,  =  C  „  =  cos  O  sin  D(sin’  /  +  cos’  //A’  -  l/B’)  (9c) 

C,.  =  C,  =  -cos  D  cos  /  sin  /(I  -  I/A’)  (9f) 

C,,  =  C.,  =  -sin  D  cos  /  sin  /(I  -  I/A’)  (9j>) 

and 

/  cos  Of  cos  Of  cos  (/., 

/  +  sin  Of  sin  fl, 

A  «  I  cos  sin  (/.,  -  /.,) 

Y  sin  Of  cos  Of  cos  (/.,  -  /.,) 

\  -  cos  Of  sin  Of 

In  Ihe  above  equalions,  D  and  /  are,  respectively,  the 
declination  and  Ihe  dip  angle  of  the  geomagnetic 
field.  Of  f  represent  colalitudes.  A,  j,  represent  lon¬ 
gitudes,  the  subscripts  P  and  R  indicate  the  penetra¬ 
tion  point  and  the  receiver,  respectively,  and  the 
superscript  T  again  indicates  the  transpose  of  a 
matrix. 


Finally,  it  is  important  to  observe  that  Ihe  density 
irregularities  S.  ('(X,  r),  defined  in  the  reference  frame 
xyz  (fixed  with  respect  to  the  receivers)  shown  in 
Figure  2,  are  related  to  SN(X",  i)  through 

I)  -  5N{X  -  Xo  -  Vo »,  f)  (10) 

where  Xo  =  (Xo ,  yo ,  Zq)  defines  Ihe  position  of  the 
origin  of  the  reference  frame  x'y'z"  with  respect  to 
the  reference  frame  xyz  at  r  =  0  and  v^  is  the  drift 
velocity  of  the  irregularities. 

There  is  a  vast  literature  describing  the  propaga¬ 
tion  of  radio  waves  through  continuous  random 
media  [Tatarskii,  1971 ;  Yeh  and  Liu,  1982,  and  refer¬ 
ences  therein].  It  is  immediately  evident  that  more 
elaborate  models  lead  to  extremely  complex  math¬ 
ematical  equations,  which  generally  are  solved  nu¬ 
merically.  Although  it  may  be  important  to  model 
the  spaced-receiver  experiment  more  accurately  in 
Ihe  future,  this  will  make  it  considerably  more  diffi¬ 
cult  to  interpret  the  measurements  or  to  explore  the 
possibility  of  unambiguously  estimating  the  ani- 
stotropy  of  the  ionospheric  irregularities  from  the 
measured  anisotropy  of  the  ground  diffraction  pat¬ 
tern.  On  the  other  hand,  it  has  been  shown  [Rino, 
1982;  Rino  and  Livingston,  1982]  that,  in  spite  of  its 
limitations,  the  geometrical  optics  relationship  be¬ 
tween  A  (  (x,  f)  and  Ihe  phase  fluctuations  S^x,  f)  of 
the  transionospheric  signals  received  on  the  ground 
is  able  to  provide  useful  insight  into  ionospheric  scin¬ 
tillation  and  the  spaced-receiver  experiment.  This  re¬ 
lationship  is  given  by 

0= -r,A.  j  >yrji  (II) 

where  r,(  =  2.82  x  10"  ”  m)  is  the  classical  electron 
radius  and  is  the  free  space  wavelength  of  the 
transmitted  signal. 

cos  Of  sin  Of  cos  (/.,  -  /.,) 

—  sin  Of  cos  Of 
sin  Of  sin  (/.,  -  A,) 
sin  Of  sin  Of  cos  (/.f  -  A,) 

+  cos  Of  cos  Of 

Assuming  that  a  satellite  is  the  source  of  the  trans¬ 
mitted  signals,  there  are  two  typical  situations  in  Ihe 
spaced-receiver  experiment  The  first  involves  a  ve¬ 
hicle  with  near  circular,  low-altitude  orbit,  such  as 
the  llilat  satellite  (830-km-high  orbit,  with  an  82' 
inclination  and  orbital  velocity  of  7.4  km.'s).  The 
second  involves  signals  transmitted  from  geostation- 


-  A,)  —cos  Of  sin  (A,  —  A*) 


cos  (A,  -  A,) 

—  sin  Of  sin  (A,  —  A*) 
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ary  or  quasi-slationary  satelliles.  In  both  cases,  the 
source  can  be  assumed  to  be  moving  with  a  constant 
horizontal  velocity  in  the  plane  2  =  2.  shown  in 
Figure  2,  for  the  short  period  of  time  involved  in  the 
analysis  of  each  sample  of  data.  Thus  in  both  cases 
the  position  l(z,  r)  of  the  point  of  the  ray  path  situ¬ 
ated  at  the  height  2  at  time  r  can  be  characterized  by 
the  general  equation 


Kz,  f)  =  r,(l)  +  [x  -  r.(/)](2.  -  r)/2. 


(12) 


where,  as  shown  in  Figure  2,  r,(f)  =  -F  v,  1  is  the 
satellite  position  vector  (assumed  to  be  always  con¬ 
tained  in  the  plane  2  =  2,),  r,o  =  r/0),  v,  is  the  (hori¬ 
zontal)  satellite  velocity  and  x  is  the  receiver  position 
(on  the  plane  z  =  0). 

Combining  (10)-(12)  and  using  the  relationship 
dl  —  sec  0  dz  (where  0  is  the  angle  between  the  ray 
path  and  the  vertical  at  the  penetration  point  P), 
followed  by  a  change  of  variables,  it  is  found  that 


Sd>(x.  f)  =  —  r  /  sec 


»f 


-  ^1- 


+  ((:,  +  r')/i,)(r„„  +  v.() 

~  *011^  ~  2  +  ~  I'ns^  ~  ‘O’  *)  *(2 


(13) 


where  the  subscripts  H  and  r  indicate  components  of 
a  vector  in  the  horizontal  plane  or  in  the  z  direction, 
respectively.  Using  this  basic  result  to  calculate  the 
“space-time”  correlation  function  of  the  phase  fluctu¬ 
ations  of  the  received  signals,  one  gets 

'^2)  =  <<l^x  +  A.x,  t  +  At)<10(x.  »)) 

5  >AL  sec'  0 

•A/. 


f 


(I  -  |r  |/A7>,.|t(--.  -  2,),/--.]Ax 


-  t*D(i  -  (2,/2.b.]At  +  tan  0  fi„z- 

-  r„.  At.  At)  d:'  a  AL  see'  0 


r 


-  r.l/r.KAx  -  V  At) 
+  tan  oil,:',  z'.  Ar)  dz' 


In  the  last  step  of  (14),  it  has  been  assumed  that  AL  is 
large  in  comparison  with  the  decorrelation  distance 
of  the  density  fluctuation  in  the  z  direction. 

In  (14)  and  (IS),  the  eflects  of  the  oblique  propaga¬ 
tion  on  p^(Ax,  At)  are  considered  through  the  terms 
involving  tan  0fi„  [Rino  and  Fremouw,  1977].  Fur¬ 
ther  comments  on  the  meaning  of  one  of  these  terms 
will  be  represented  at  the  end  of  this  section.  Equa¬ 
tion  (14)  clearly  shows  that  the  spatial  and  temporal 
behavior  of  p^(Ax,  At)  can  be  fully  described  by  a 
general  function  of  both  Au  =  (Ax  —  V  At)  and  At, 
regardless  of  the  functional  form  taken  by  p^fAR, 
At).  Comparing  this  result  with  the  right-hand  side  of 
(5).  it  is  immediately  concluded  that  (15)  relates  the 
drift  velocity  V  of  the  ground  diffraction  pattern  to 
the  drift  velocity  of  the  irregularities  in  the  iono¬ 
sphere  and  the  satellite  velocity.  For  stationary  or 
quasi-stationary  satellites,  tends  to  zero  and  V  is 
essentially  a  function  of  the  ionospheric  drift.  On  the 
other  hand.  (15)  is  dominated  by  v,  for  low-altitude, 
near-circular  orbit  satellites  (such  as  Hilat).  It  is  also 
seen  that  V  simultaneously  depends  on  both  the 
horizontal  and  the  vertical  components  of  the  iono¬ 
spheric  drift.  That  is,  it  is  theoretically  impossible  to 
separate  the  two  compments  from  a  single  measure¬ 
ment  of  V. 

Substituting  the  horizontal  space  lags  indicated  in 
the  integrand  of  (14)  for  A.v"  and  Ay”  in  (9),  one  gets 


d>lp/^x.  At)  =  sec'  0  I 


Rsicc;.  At,i  +  2r;,  Ai..  a..,  +  c;,  au,' 

+  (At/O' +  2(C,„  Am.4  c;,  Aii,|z  +C„  I  dz'  (16) 

where  =  r'  zj  AL.  The  coefficients  to 

C'..  in  this  equation  result  from  the  substitution  indi¬ 
cated  above  in  a  straightforward  manner.  Applying  a 
linear  change  of  variables  to  the  integrand  in  (16). 
one  immediately  identifies 

AL  sec' (I  J*  R;,(|:  l)  </r  /ycn  (l7o) 


and 


(14) 


where  4>o  <$  the  rms  phase  fluctuation,  is  the  unit 
vector  resulting  from  the  projection  of  SR  (vector 
defining  the  ray  path)  onto  the  horizontal  plane 
z  =  Oand 

V  -  rr,/(r,  -  z, )][»„„  -  tan  0k„v„,  -  (i/r,)»,I  (15) 


p,(Ax.  Ar)  = 


f  R,:r:-’  +  ir.,Z„-7')C;j''l<fr' 


1;; 


II  dz 


-R,|[(c;,z„-z'ic;j''!  (i7i.) 

where  is  the  term  independent  from  2'  and  2Z,  is 
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the  coellicient  of  the  linear  term  in  z',  both  obtained 
from  the  argument  within  square  brackets  in  that 
equation.  The  last  step  in  (I7h)  holds  regardless  of 
the  functional  form  for  Rf^).  From  the  assumed 
properties  for  this  function,  it  follows  that  /?^(p)  also 
is  a  decreasing  function  of  its  argument,  such  that 
R^(0)  =  I.  The  argument  within  parentheses  in  (I7h) 
can  be  rewritten  in  the  form 


C..ZI-ZI 

“  Va»,/  \c..  c.,  -  c;.  r„  c..  c;,  -  c/.  A^uJ 


A  comparison  between  (S)  and  (18)  immediately 
shows  that  (17b)  has  the  same  form  as  (I),  thus  lend¬ 
ing  full  support  to  the  assumptions  in  the  previous 
section.  As  explained  in  the  companion  paper  ICosta 
and  Fougtre,  this  issue],  (17a),  (17b)  and  (18)  would 
have  to  be  ertended  if  it  were  important  to  explain 
some  fine  details  in  the  observed  cross-correlation 
functions  (namely,  the  skewness  around  their  respec¬ 
tive  maxima). 

Assume  strictly  “frozen-in”  irregularities  (that  is. 
neglect  the  terms  involving  (At/C)*),  as  well  as  a  ref¬ 
erence  frame  moving  with  (he  drift  of  the  ground 
diffraction  pattern.  To  further  simplify  the  discussion, 
let  z,»z,,  in  (14).  Under  these  assumptions,  the 
arguments  within  brackets  in  (9<i),  (16),  and  (18) 
become  completely  independent  of  At.  It  can  then  be 
shown  analytically  that  the  ellipse  characterized  by 
equating  (he  argument  of  RJIji)  in  (17b)  to  a  constant 
(say,  Cg)  is  the  geometrical  projection  along  the  ray 
path  onto  the  plane  containing  (he  receivers  (z  =  0  in 
Figure  2)  of  the  ellipsoid 

(AXT  •  C'  •  AX'  -  (AX')*^  •  •  C  •  A  •  AX  =  Cj  (19) 

characterized  by  the  term  within  square  brackets  in 
(9<i).  This  result  is  identical  to  the  one  previously 
derived  by  Moorcrofi  and  Arima  [1972],  except  for 
these  authors'  assumption  of  a  vertical  ray  path.  To 
see  (hat  it  is  also  valid  in  the  present  general  geome¬ 
try,  consider  the  equation,  parametric  in  w.  for  (he 
ray  path 


Xg  +  H-  sin  0  cos  d 

(20<i) 

yg  -t-  w  sin  0  sin  d 

(20b) 

z  -  w  cos  B 

(20c) 

Here,  it  is  assumed  that  the  ray  path  intersects  the 


ground  plane  at  (xg ,  yg ,  0)  and  that  its  direction  in 
space  is  defined  by  the  angles  0  and  ip.  Solving  the 
third  equation  for  w  and  substituting  the  result  into 
the  other  two,  the  new  equation,  parametric  in  z,  for 
the  ray  path  becomes 

X  =  Xg  +  z  tan  0  cos  d  =  Xo  +  r  (21a) 

y  -  >>o  -I-  z  tan  9  sin  ^  -  y,  +  tan  Ok^yZ  (21b) 

where  =  (ft„, ,  k„^)  =  (cos  <p,  sin  d)-  This  equation 
is  identical  to  the  relationship  shown  to  exist  in  (14) 
between  the  horizontal  argument  and  (he  variable  of 
integration  z',  after  the  ground  space  lag  Ax  is  appro¬ 
priately  scaled  by  the  ratio  (z.  -  z,)/z, . 

The  result  represented  by  (18)  and  (19),  which  has 
been  confirmed  by  (he  present  authors  with  necessary 
calculations,  is  expected,  on  physical  grounds,  from 
the  relationship  between  the  phase  fluctuations  and 
(he  irregularities  in  the  ionospheric  density  given  by 
the  geometrical  optics. 

4.  RESULTS  FROM  AURORAL-REGION 
MEASUREMENTS 

In  this  and  the  following  sections,  spaccd-rcceiver 
measurements  carried  out  at  two  auroral-region  sta¬ 
tions  will  be  described.  Results  provided  by  the  two 
previously  described  algorithms  will  be  compared 
and  interpreted  in  terms  of  the  corresponding  param¬ 
eters  of  (he  electron  density  irregularities  in  the  iono¬ 
sphere. 

Motivated  by  the  proven  success  of  the  maximum 
entropy  method  (MEM)  of  power  spectrum  analysis 
as  applied  to  ionospheric  scintillation  data  {Fougere. 
1985],  it  was  decided  to  use  multichannel  MEM  for 
the  present  correlation  analysis.  Throughout  this 
paper  all  estimates  from  the  time  series  data,  of  the 
autocorrelation  function  (ACF)  in  three  channels  and 
of  the  cross-correlation  function  (CCF)  between  all 
pairs  of  channels  were  obtained  using  the  multichan¬ 
nel  maximum  entropy  method.  The  Burg  technique 
IBurg.  1975.  1981]  was  generalized  independently 
and  nearly  simultaneously  by  four  different  authors: 
Jones  [1978].  Nuuall  [1976].  Strand  [1977].  and 
Morf  el  al.  [1978].  The  program  used  in  the  present 
research  was  put  together  by  R.  G.  Currie  (private 
communication.  1980)  using  parts  of  Jones'  program 
and  parts  of  Strand's  program  modified  by  using 
some  of  Morf  et  al.'s  ideas.  Fougere  [1981]  added  a 
set  of  subroutines  which  find  for  each  channel,  the 
accurate  location  and  height  of  all  spectral  peaks  and 
the  integral  under  the  spectrum.  The  integral  under 
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the  spectrum  is  used  in  conjunction  with  Parseval’s 
theorem  to  check  the  accuracy  of  the  computed  spec¬ 
trum.  The  present  authors  modified  the  program  fur¬ 
ther  to  make  it  yield  conveniently  the  estimated 
ACFs  and  CCFs.  The  first  M  +  I  correlation  coef¬ 
ficients  (where  M  is  the  order  of  the  autoregression) 
are  directly  estimated  by  the  recursive  algorithm  de¬ 
scribed  by  Jones  [1978].  Higher  order  coefficients 
also  are  directly  estimated,  by  the  generalization  of 
the  Yule-Walker  equations  described  by  Strand 
[1977].  Thus,  it  is  not  necessary  to  apply  the  fast 
Fourier  transform  to  the  maximum  entropy  spectrum 
to  obtain  the  desired  correlation  coefficients.  Indeed, 
it  is  not  even  necessary  to  estimate  this  spectrum  for 
the  present  application. 

4.1.  Quasi-stationary  satellite  observations  at  Goose 
Bay,  Labrador 

In  the  first  experiment  to  be  discussed,  the  inten¬ 
sity  of  the  signal  transmitted  at  apparently  2S0  MHz 
from  a  quasi-geostationary  polar  beacon  and  re¬ 
ceived  by  three  spaced  receivers  at  Goose  Bay,  Lab¬ 
rador  (53.3°N,  60.3‘’W),  on  March  7  and  8,  1982,  was 
recorded  between  0400  UT  and  0530  UT.  On  both 
days,  the  elevations  of  the  ray  paths  were  approxi¬ 
mately  equal  to  45'',  the  corrected  geomagnetic  lati¬ 
tude  (CGL)  of  their  350-km  penetration  points  re¬ 
mained  closest  to  65‘’N  and  the  vehicle  was  due 
northeast  of  the  receiving  station.  The  three  receivers 
defined  an  isosceles  ri^t  triangle  on  the  ground,  with 
smaller  sides  equal  to  500  m.  These  sides  were  rota¬ 
ted  clockwise  by  18"  from  the  westward  and  north¬ 
ward  directions,  respectively.  The  received  signals 
were  sampled  at  50  Hz.  The  satellite  frequency  was 
updated  every  168  s,  thus  creating  a  loss  of  lock 
during  a  fraction  of  this  time,  in  the  beginning.  As  a 
result,  and  also  due  to  some  preprocessing  of  the 
received  information,  data  blocks  of  72-s  length  (cor¬ 
responding  to  3600  observations  of  the  signal  inten¬ 
sity  per  channel)  approximately  centered  at  the 
middle  of  each  cycle  were  used  in  the  correlation 
analysis.  A  more  detailed  description  of  the  receiving 
system  and  preprocessing  of  the  data  was  presented 
by  Basil  ei  al.  [1985]. 

These  authors  also  discussed  the  time  history  of 
the  scintillation  index  .S4,  the  rms  phase  fluctuation 

and  the  decorrelation  time  observed  on  the  2 
days.  On  March  7.  they  obtained  0.5-decorrelation 
limes  of  the  intensity  signal  of  the  order  of  a  few 


seconds  and  average  values  of  o^  approximately 
equal  to  2  radians.  On  March  8,  however,  the  0.5- 
decorrelation  lime  was  of  the  order  of  a  few  tenths  of 
a  second  only  and  was  generally  greater  than  4 
radians,  sometimes  exhibiting  peaks  which  surpassed 
the  10-radian  level.  On  the  other  hand,  the  average 
values  of  the  observed  scintillation  index  S4  remained 
virtually  al  the  same  level  on  both  days  (S4,,,  a;  0.7). 

In  their  discussion  of  these  observations,  Basu  et 
al.  [1985]  emphasized  the  great  impact  of  irregularity 
drift  variations  on  intensity  decorrelation  times  and 
magnitudes  of  phase  scintillation.  Indeed,  it  has  been 
crudely  estimated  from  the  raw  data  that  the  average 
lime  delay  between  similar  structures  observed  on 
dilTerenl  channels  was  relatively  high  (of  the  order  of 
10  s,  and  sometimes  even  larger)  on  March  7  and 
much  smaller  (I  s  to  2  s  )  on  March  8.  Very  different 
apparent  velocities  would  then  result  from  the  ratios 
of  the  distance  between  two  receivers  and  the  corre¬ 
sponding  time  delays  obtained  on  the  2  days.  The 
data  also  indicate  that  as  these  lime  delays  increase, 
the  signal  structures  in  different  channels  become  in¬ 
creasingly  dilferent.  The  above  feature  reflects  the  ef¬ 
fects  of  temporal  variations  of  the  in  situ  irregu¬ 
larities.  and,  as  a  result,  the  largest  lime  delays  are 
generally  associated  with  the  lowest  correlation  coef¬ 
ficients  between  the  corresponding  signals.  This  situ¬ 
ation.  which  occurred  principally  on  March  7,  fre¬ 
quently  yielded  eorrelation  functions  whose  main 
and  secondary  lobes  were  approximately  of  the  same 
magnitude,  a  less  than  ideal  condition  for  the  corre¬ 
lation  analysis  of  spaced  receiver  data. 

The  anisotropies  of  the  diffraction  pattern  ob¬ 
tained  on  March  7  and  8  are  represented  in  Figures 
4rt  and  4b,  respectively.  Each  figure  shows  two  sec¬ 
tors  of  a  circle  covering  corrected  geomagnetic  lati¬ 
tudes  (CGL)  from  60'  to  90"  and  corrected  geomag¬ 
netic  local  limes  (CGLT)  from  0000  to  0600.  These 
sectors  separately  exhibit  the  results  obtained  using 
the  modified- Fedor  (MF)  and  the  Rino-Livingsion 
(RL)  algorithms.  Axial  ratios  are  represented  by  the 
length  of  a  line  segment  centered  al  the  vertical  pro¬ 
jection  on  the  ground  of  the  350-km  ionospheric  pen¬ 
etration  point  of  the  ray  path.  On  the  upper  right- 
hand  corners  of  both  figures,  line  segments  corre¬ 
sponding  to  an  axial  ratio  of  20  arc  shown.  The 
orientations  of  the  major  axes  of  the  anisotropy  el¬ 
lipses  are  measured  by  the  angle  between  the  radial 
direction  through  each  penetration  point  (indicating 
the  local  northward  direction  in  the  polar 
CGL  X  CGLT  coordinate  system)  and  the  corre- 
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Fig.  4d.  Axial  ratios  and  orientations  of  the  major  axes  of  the 
anisotropy  ellipses  of  the  diflraction  pattern,  obtained  by  the  mod¬ 
ified  Fedor  (MF)  and  the  Rino-Livingston  (RL)  algorithms.  Goose 
Bay/polar  beacon  spaced-receiver  intensity  data  recorded  on 
March  7,  1982.  have  been  used.  The  scale  for  the  axial  ratios  is 
shown  in  the  upper  right-hand  comer.  Orientations  are  repre¬ 
sented  in  this  CGL  x  CGLT  reference  frame  by  the  angles  be¬ 
tween  the  line  segments  and  the  radial  directions  through  their 
respective  centers. 


sponding  tine  segment  (aligned  with  the  major  axis  of 
the  ellipse). 

Figures  4<i  and  4b  show  a  good  general  agreement 
between  the  two  algorithms  for  estimated  axial  ratios 
and  orientations.  Both  also  have  been  able  to  detect 
a  considerable  increase  in  the  elongation  of  the  dif¬ 
fraction  pattern  from  March  7  to  March  8.  as  well  as 
an  increase  in  the  axial  ratio  in  the  later  hours  on 
March  8.  This  example  indicates  that  the  anisotropy 
of  in  situ  irregularities  can  also  display  considerable 
temporal  structuring  (even  for  the  short  time  scales 
observed  in  Figures  4<i  and  4b).  Such  structuring  is 
analogous  to  the  behavior  of  other  parameters  of  the 
medium.  The  anisotropy  also  has  a  patterned  behav¬ 
ior  as  a  function  of  the  invariant  latitude  and  the 
corrected  geomagnetic  local  time  [Livingston  ef  of.. 
1982]. 

A  variation  in  the  total  number  of  results  respec¬ 
tively  obtained  during  March  7  and  March  8  is  evi¬ 
dent  from  a  comparison  between  the  two  Figures. 
This  difference  should  really  be  expected,  due  to  the 
critical  geophysical  conditions  (small  velocities  and 
cross-correlation  levels)  which  prevailed  on  March  7. 
The  RL  algorithm  seemed  to  be  particularly  sensitive 
to  these  conditions,  possibly  due  to  its  features  (dis¬ 
cussed  in  the  second  section)  or  to  the  authors’  ap¬ 
proach  to  its  implementation. 


Without  further  investigation,  it  is  diflicult  to  pro¬ 
vide  a  quantitative  interpretation  for  the  present 
measurements  in  terms  of  the  parameters  char¬ 
acterizing  the  anisotropy  of  ionospheric  irregularities, 
due  to  problems  to  be  discussed  in  the  next  section. 
There  are,  however,  indications  that  the  present  re¬ 
sults  could  have  been  caused  by  rodlike  irregularities 
[Livingston  et  al.,  1982]  on  both  days.  The  orienta¬ 
tions  of  the  major  axes  of  the  anisotropy  ellipse  are 
in  good  agreement  with  the  projection  of  highly  field- 
aligned  in  situ  irregularities  onto  the  ground  along 
the  ray  path.  This  information  alone  is  not  always 
able  to  determine  the  most  likely  shape  of  the  ellip¬ 
soid  characterizing  the  anisotropy  of  the  in  situ  ir¬ 
regularities.  Indeed,  it  has  been  pointed  out  [Rino  et 
al.,  1978;  Livingston  et  al.,  1982]  that  the  orientation 
of  the  major  axis  of  the  anisotropy  ellipse  becomes 
essentially  independent  of  that  shape  when  the  eleva¬ 
tion  of  the  ray  path  decreases.  On  the  other  hand,  it 
should  be  remembered  that  the  penetration  point  is 
due  northeast  of  the  station,  being  well  outside  the 
region  of  local  L  shell  alignment.  This  is  the  only 
region  where  sheetlike  irregularities  produce  a  signifi¬ 
cant  enhancement  in  the  axial  ratio.  This  shape 
(sheeUike)  thus  would  not  easily  explain  the  present 
results.  Rodlike  structures,  however,  cause  the  op¬ 
posite  behavior,  yielding  minimum  axial  ratios  for 
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Fig  4/>.  Axial  ratios  and  oricniaiionx  of  the  major  axes  of  the 
anisotropy  ellipses  of  the  dilTractinn  pattern,  obtained  by  the  mod¬ 
ified  Fedor  (MFI  and  the  Rino-I.ivingslon  (Rl.|  algorithms  G<M>se 
Bay.psilar  beacon  spiiced-receiver  intensity  data  recorded  on 
March  8.  1982.  have  been  used.  Tbe  scale  for  the  axial  ratios  is 
shown  in  tbe  upper  right-hand  corner.  Orientations  are  repre¬ 
sented  in  this  CGL  x  CGLT  reference  frame  by  the  angles  be¬ 
tween  the  line  segments  and  the  radial  directions  through  their 
respective  centers. 
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Fig.  Sa.  Magnitudes  and  directions  of  the  true  drift  velocity  of 
the  diffraction  pattern,  obtained  by  the  modified  Fedor  (MF)  and 
the  Rino-Livingston  |RL)  algorithms.  Goose  Bay/polar  beacon 
spaced-receiver  intensity  data  recorded  on  March  7,  1982.  have 
been  used.  The  scale  for  the  magnitudes  is  shown  in  the  upper 
right-hand  corner.  Directions  are  represented  in  this 
CGL  X  CGLT  reference  frame  by  the  angle  between  the  line  seg¬ 
ments  and  the  radial  directions  through  their  respective  initial 
points. 


the  highest  elevations  of  the  ray  path  and  higher 
axial  ratios,  such  as  those  observed  in  Figures  4a  and 
4h,  as  the  elevation  decreases. 

The  drift  velocities  of  the  diffraction  pattern  mea¬ 
sured  on  the  same  days  are  displayed  in  Figures  5a 
and  5b,  using  identical  polar  CGL  versus  CGLT  co¬ 
ordinate  systems.  The  magnitude  of  the  velocity 
vector  is  rcprcscntcjl  by  the  length  of  a  line  segment 
starting  at  the  vertical  projection  on  the  ground  of 
the  350-km  ionospheric  penetration  point.  The  scales 
for  the  magnitude,  shown  on  the  upper  right-hand 
corners  of  these  figures,  differ  from  March  7  to 
March  8.  The  orientation  of  the  velocity,  on  the 
other  hand,  is  measured  exactly  as  before. 

A  good  general  agreement  between  the  results  by 
the  two  algorithms  is  again  observed,  despite  the  nu¬ 
merical  difficulties  (the  discussion  on  the  geophysical 
conditions  on  March  7  and  the  greater  sensitivity  of 
the  RL  algorithm  also  applies  here).  A  dramatic  in¬ 
crease  in  the  drift  velocity  of  the  diffraction  pattern 
between  the  two  consecutive  days  has  been  detected 
by  the  spaced-receiver  measurements,  confirming  the 
calculations  by  Basu  ei  al.  [I98S]  from  observations 
of  the  frequency  of  the  Fresnel  maxima  in  Ihe  spectra 
of  the  signal  intensity.  Using  appropriate  parameters 
for  a  quasi-stationary  satellite  (y,  x>2,,  v,  %  0)  and 
neglecting  in  (25).  it  is  seen  that,  in  such  cases,  the 
drift  velocity  of  the  diffraction  pattern  can  be  con¬ 


sidered  as  an  acceptable  representation  of  the  drift 
velocity  in  the  high-laltitude  ionospheric  F  region. 
The  eastward  convection  in  the  postmidnight  time 
frame  follows  the  simple  two-cell  model  of  the  high- 
latitude  ionospheric  convection  pattern  ffeelis  and 
Hanson,  1980;  Heelis  et  al.,  1982]. 

4.2.  Hllat  observations  at  Tromso,  Norway 

In  the  second  experiment  to  be  discussed,  signals 
transmitted  at  413  MHz  by  the  polar-orbiting  Hilat 
satellite  and  recorded  by  three  receivers  at  Tromso, 
Norway  (69.7°N,  I8.9°E)  on  a  routine  basis  have 
been  analyzed.  The  receivers  define  a  right  triangle  in 
the  local  NW  quadrant,  with  sides  equal  to  331  m 
(east-west),  314  m  (north-south)  and  464  m.  respec¬ 
tively.  The  north-south  baseline  is  tilted  eastward  by 
approximately  8°.  For  more  information  on  the  Hilat 
scientific  program,  a  special  issue  of  the  Johns  Hop¬ 
kins  APL  Technical  Digest  (April/Junc,  1984)  can  be 
consulted.  Data  recorded  during  the  Hilat  orbits  over 
Tromso  beginning  at  2330:00  UT  on  Dec.  5,  1983,  at 
2235:00  UT  on  Dec.  11.  1983,  and  at  0016:30  UT 
on  Dec.  12,  1983,  have  been  selected  for  discussion  in 
this  report.  The  projections  on  the  ground  of  the 
350-km  ionospheric  penetration  point  of  the  ray 
paths  corresponding  to  these  passes  are  sketched  in 
Figure  6.  The  maximum  elevation  angles  reached 
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Fig.  fh.  Magnitude  and  dircclions  ot  ihc  true  drift  vclocitv  of 
the  diffraction  pattern,  obtained  by  the  modified  Fedor  IMF)  and 
Ihe  Rino-Livingston  (RL)  algorithms.  Goose  Bay, polar  beacon 
spaced-receiver  intensity  data  recorded  on  March  8.  1982.  have 
been  used.  The  scale  for  the  magnitudes  is  shown  in  the  upper 
right-hand  corner.  Dircclions  arc  represented  in  this 
CGL  X  COLT  reference  frame  by  the  angle  between  the  line  seg¬ 
ments  and  the  radial  directions  through  their  respective  initial 
points. 


152 


COSTA  ET  AL.;  ANALYSIS  OF  SPACED-RECEIVER  MEASUREMENTS 


TROMSO  HILAT  3S0-Km  PENETRATION  POINT 


Fig.  6.  Proiections  on  the  ground  of  the  ISO-km  ionospheric  penetrnlion  points  of  the  ray  psihs  for  the  three 

selected  Hilat  passes  over  Tromso. 


during  these  passes  were  equal  to  8S°,  71°,  and  47°, 
respectively.  The  efTect  of  elevation  angle  on  spaced 
receiver  analysis  will  be  illustrated  from  this  set. 

Scintillation  enhancements  frequently  have  been 
observed  [Mart/n  and  Aarons,  1977;  Fremouw  et  at., 
1978;  Rino  et  at.,  1978;  Livingston  et  at.,  1982]  at 
auroral  latitudes  when  the  ray  path  lies  within  the 
local  L  shell.  These  enhancements  can  be  clearly  ob¬ 
served  in  Figure  7,  which  presents  the  values  of  the 
intensity  scintillation  index  and  the  rms  phase 
fluctuation  (in  radians)  at  137  MHz  measured 
during  the  three  passes  as  functions  of  the  corrected 
geomagnetic  latitude  (CGL).  The  and  <r^  values 
are  computed  over  30  s  of  data  with  a  IS  s  overlap. 
The  universal  time  for  the  three  transits  can  also  be 
obtained  from  the  abscissa  by  considering  that  the 
successive  tic  marks  signify  I -min  intervals  and  the 
origin  corresponds  to  2329:01  UT.  2235:03  UT,  and 
0016:30  UT  for  Dec.  5.  II.  and  12.  1983.  respectively. 
It  is  seen  that,  regardless  of  the  different  geometries 
of  the  three  passes,  the  geometrical  enhancements  are 
observed  around  CGL  %  66°  near  midnight  CGLT. 

In  the  Hilat  experiment  at  Tromse,  the  measured 
drift  velocity  of  the  ground  diffraction  pattern  is 
dominated  by  the  contribution  of  the  satellite 
motion.  This  is  clearly  observed  when  the  appropri¬ 
ate  values  for  the  satellite  velocity  and  altitude  (r,  % 
7.4  km/s  and  z,  %  830  km)  and  typical  ionospheric 


drift  velocities  are  substituted  into  (25).  This  equation 
also  suggests  that,  as  a  result  of  uncertainties  in  z, 
(height  of  the  irregularity  layer),  the  term  (z/z.)  v, 
could  introduce  errors  in  the  value  of  V  which  are 
comparable  to  the  ionospheric  drift  Vp.  Due  to  these 
difficulties,  only  results  describing  the  anisotropy  of 
the  diffraction  pattern  will  be  further  discussed. 

For  the  spaced-receiver  analysis,  the  signals  have 
been  sampled  at  12S  Hz.  corresponding  to  a  deci¬ 
mation  of  the  otiginal  data  by  a  factor  of  2.  Blocks 
with  10  s  of  data  (corresponding  to  I2S0  consecutive 
observations  of  the  signal  per  channel)  have  been 
used  to  calculate  each  value  of  axial  ratio  and  the 
orientation  of  the  major  axis  of  the  anisotropy  el¬ 
lipse.  Consecutive  data  blocks  have  been  overlapped 
by  5  s. 

Figures  8  and  9  show  the  results  obt.iined  on  Dec. 
5  and  1 1.  respectively.  u.sing  both  the  modificd-Fcdor 
(MF.  triangles)  and  the  Rino-Livingston  (RL.  pluses) 
algorithms.  In  Figure  10.  results  obtained  on  Dec.  12 
using  only  the  RL  algorithm  (pluses)  can  be  seen. 
Although  rectangular  plots  are  presented  here,  angles 
(describing  the  orientations  of  the  major  axes)  are 
measured  in  the  CGL  x  CGLT  reference  frame,  ex¬ 
actly  as  before.  That  is.  a  0  angle  indicates  a  major 
axis  aligned  with  the  corrected  geomagnetic  north- 
south  direction  and  a  +90'  (or  -90  )  angle  repre¬ 
sents  a  major  axis  aligned  with  the  corrected  geo- 


37 


COSTA  ET  AL.;  ANALYSIS  OF  SPACED-RECEIVER  MEASUREMENTS 


153 


TROMSO  HILAT  DECEMBER  1983 


Fig.  7.  Scintillation  index  and  root  mean  iquare  (rmt)  phase  fluctuation  as  functions  of  the  corrected 
geomagnetic  latitude  (CGL),  observed  during  the  three  selected  Hilat  passes  over  Tromso.  Tic  marks  on  the 
horizontal  axis  are  separated  by  I  min  in  universal  time.  The  respective  origins  for  this  scale  are  2329:01  UT  (Dec. 
5).  2235:03  UT  (Dec.  1 1)  and  0016: 30  UT  (Dec.  12). 


magnetic  east-west  direction.  Large  jumps  in  the 
angles  sometimes  observed  in  the  lower  panels  arc 
artificially  caused  by  the  existing  180°  ambiguity  in 
the  orientation  of  the  major  axes. 


The  good  agreement  between  the  results  obtained 
by  the  two  algorithms  is  immediately  evident  from 
Figures  8  and  9.  Although  a  similar  agreement  has 
been  obtained  on  Dec.  12,  1983,  we  have  illustrated 


TROMSO  HI  LOT  DEC  5  1983 


Fig.  8.  Axial  ratios  and  orientations  of  the  major  axes  of  the  anisotropy  ellipses  of  the  dilTraction  patterns, 
obtained  by  applying  the  modifled  Fedor  (MF,  triangles)  and  the  Rino-Livingston  (RL,  pluses)  algorithms  to 
Tromsn/Hilat  spaced-receiver  intensity  data  recorded  on  Dec.  5.  1983.  Orientation  angles  are  measured  with 
respect  to  the  northward  direction  in  the  COL  k  COLT  reference  frame,  being  positive  in  the  NE  quadrant. 
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TROMSO  HILRT  DEC  1 1  1983 


Fig.  9.  Aiiial  raliof  and  orienlalidn*  of  the  major  axet  of  the  anisotropy  eflipset  of  the  diflTraction  patterns. 
oMained  by  applying  the  modMed  Fedor  (MF.  triangles)  and  the  Rino-Uvingston  (RL.  pluses)  algorithms  to 
Tromso/Hilat  spaoed-recciver  intensity  data  recorded  on  December  1 1,1983.  Orientation  angles  are  measured  with 
respect  to  the  northward  direction  in  the  CGL  x  COLT  referemx  frame,  being  positive  in  the  NE  quadrant. 


in  Figure  10  only  the  RL  results  to  retain  clarity  of 
the  diagram.  'Hie  dashed  lines  in  Figure  10  show  the 
results  of  propogation  model  calculations  for  as¬ 
sumed  anisotropy  of  in  situ  irregularities.  The  obser¬ 
vational  results  will  be  compared  with  the  model  cal¬ 
culations  in  the  next  section. 

It  is  interesting  to  note  that  the  increased  values  of 
the  axial  ratio  around  2333:15  UT  on  Dec.  5. 
2239: 10  UT  on  Dec.  1 1.  and  OOI84S  UT  on  Dec.  12 
in  Figures  8. 9  and  10,  respectively,  correspond  to  the 
regions  where  the  ray  paths  were  aligned  with  the 
local  L  shell.  As  a  consequence,  enhancements  in 
and  occurred  and  are  shown  in  Figure  7  for  the 
respective  passes.  On  the  three  days,  the  peaks  of 
these  enhancements  occurred  around  CGL  %  66”. 

There  is  another  feature  to  be  noted.  The  axial 
ratios  resulting  from  the  Tromse/Hilat  measurements 
(even  in  the  geometric  enhancement  region)  are  gen¬ 
erally  smaller  than  the  typical  Goose  Bay/polar 
beacon  axial  ratios  displayed  in  Figure  4.  The  same 
is  true  when  the  axial  ratios  at  the  geometric  en¬ 
hancement  region  shown  here  are  compared  with 
those  previously  obtained  from  the  Poker  Flat/Wide¬ 
band  measurements  [Rfno  et  aL  I978t  Uvlngstan  ei 
al.,  1982].  Possible  contributing  factors  to  these  dif¬ 
ferences  will  also  be  discussed  in  the  next  section. 


4.  DRIFT  AND  ANISOTROPY  OF  IONOSPHERIC 
IRREGULARITIES 

The  relationship  between  the  measured  drift  of  the 
ground  diffraction  pattern,  the  satellite  velocity,  and 
the  ionospheric  drift,  summarized  by  (IS),  has  been 
discussed  in  the  previous  sections.  It  is  apparent  that 
in  the  case  of  a  low  orbiting  satellite,  such  as  Hilat, 
the  drift  of  the  diffraction  pattern  is  dominated  by  v, . 
In  such  cases,  it  is  very  difficult  to  estimate  v^  from  a 
measurement  of  the  drift  of  the  diffraction  pattern.  In 
the  case  of  a  quasi-geostationary  satellite,  such  as  the 
polar  beacon,  however,  a  good  estimate  of  the  hori¬ 
zontal  component  of  ionospheric  drift  can  be  ob¬ 
tained  when  the  vertical  component  of  drift  becomes 
negligible. 

The  objective  of  the  anisotropy  measurements  is  to 
estimate  the  parameters  A  and  B  in  (6)  which 
characterizes  the  anisotropy  of  the  in  situ  irregu¬ 
larities.  In  order  to  determine  these  parameters  from 
the  axial  ratio  and  orientation  of  the  major  axis  of 
the  anisotropy  ellipse  of  the  diffraction  pattern  on  the 
ground,  an  appropriate  inverse  propagation  model 
has  to  be  us^.  In  keeping  with  the  nomenclature 
used  by  Uvlngston  et  al.  [1982]  and  others,  the  ir¬ 
regularities  with  B  I  will  be  called  rods,  those  with 
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TROMSO  HILAT  DEC  12  1903 


C6L  ( OCe  )  6S.24  66.60  67.60  66.87  69.60  70.93  71 .94 

COLT  (H)  1.82  1.79  1.99  2.24  2.81  2.83  3.21 

Fig.  10.  Axixl  raiios  and  oricnialions  of  (he  major  axes  of  the  anisotropy  ellipses  of  the  dilTraclion  pattern, 
obtained  by  applying  the  Rino-Livingston  (RL,  plusesi  algorithm  in  Tromso/HUat  spaced-receiver  phase  data 
recorded  on  December  12.  1983.  Orientation  angles  are  measured  with  respect  to  the  northward  direction  in  the 
CGL  X  CGLT  reference  frame,  being  positive  in  the  NE  quadrant.  Dashed  lines  show  results  of  calculations  by  the 
propagation  model,  using  the  values  for  A  and  B  displayed  in  Figure  1 1 . 


%  B  >  1  will  be  referred  as  sheets  and  those  with 
A  >  B>  I  as  wings.  The  isotropic  irregularities  will 
be  described  by  -4  «  B  «  I. 

It  has  been  shown*  in  the  discussion  on  (18)  and 
(19)  that  the  anisotropy  ellipse  of  the  diffraction  pat¬ 
tern  is  the  geometrical  projection  along  the  ray  path 
onto  the  ground  of  the  ellipsoid  defining  the  ani¬ 
sotropy  of  the  in  situ  irregularities.  Since  different 
ellipsoids  could  project  onto  the  same  ellipse,  it  is  not 
possible  to  associate  a  unique  pair  (A,  B)  to  each 
single  observation  of  the  axial  ratio  and  orientation 
of  the  major  axis  of  the  anisotropy  ellipse.  However, 
it  should  be  possible,  under  a  few  obvious  conditions, 
to  reconstruct  a  single  ellipsoid  from  multiple  projec¬ 
tions  on  the  ground.  First,  the  projections  should  all 
correspond  to  the  same  ellipsoid.  Further,  it  is  neces¬ 
sary  that  these  projections  be  reasonably  different 
from  each  other.  That  is,  they  should  correspond  to 
reasonably  different  ray  paths. 

These  conditions  are  not  easily  met  in  the  case  of  a 
quasi-geostationary  satellite  where  the  ray  path 
moves  very  slowly,  penetrating  the  ionosphere  at  ap¬ 
proximately  constant  aspect  angles.  In  view  of  this. 


we  shall  not  attempt  to  derive  a  more  quantitative 
estimate  of  the  anisotropy  of  the  in  situ  irregularities 
for  the  Goose  Bay/polar  beacon  experiment. 

In  the  case  of  a  low-orbiting  satellite,  the  ray  path 
experiences  fast  variations  in  azimuth  and  elevation. 
This  is  one  of  the  desired  conditions  which  has  been 
established  above.  However,  the  underlying  con¬ 
straint  to  preserve  the  anisotropy  of  the  in  situ  ir¬ 
regularities  requires  the  measurement  set  to  en¬ 
compass  a  small  spatial  scan  of  the  ionosphere. 

Consistent  with  these  conflicting  requirements,  an 
average  ionospheric  anisotropy  can  be  estimated 
from  the  minimum  adequate  number  of  observations 
of  the  anisotropy  ellipse  of  the  diffraction  pattern  by 
an  inversion  of  the  propagation  model. 

5.1.  Irri’f/ularliy  anixotropy  hy  error  minimization 
proceifiire 

In  this  section,  we  shall  attempt  to  determine  the 
anisotropy  cocflicicnts  A  and  B  through  the  mini¬ 
mization  of  the  rms  errors  between  measured  and 
calculated  (by  the  model)  values  of  the  axial  ratio 
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and  the  orientation  of  the  major  axis  of  the  ani¬ 
sotropy  ellipse  of  the  diffraction  pattern.  More  pre¬ 
cisely.  given  a  set  of  consecutive  observations  (R,, 
y,).  >i  «  I,  ....  ^0,  it  is  desired  to  find  {A,  3)  in  the 
region  /4  ^  B  ^  I  (since  the  irregularities  are  sup¬ 
posed  to  be  preferentially  elongated  along  the  geo¬ 
magnetic  field  lines)  which  minimizes 

No 

1.  {[B.  cos  2H'.  -  liA,  B-,  p.)  cos  2iKA,  B;  pj]* 

•  •  I 

+  [B.  sin  2‘f'.  -  t{A,  B:  pj  sin  liiAA,  B\  p.)]’} 

So 

=  I  B:p.)]'  +  4B.r(A.  B;p,) 

•  ■  I 

sin^C'f'.-^M,  B;p.)]}  (22) 

where  r  {A,  B;  p.)  and  ^  (A,  B;  p,)  are  (he  respective 
values  of  the  axial  ratio  and  the  orientation  of  the 
diffraction  pattern  calculated  by  (he  model  as  func¬ 
tions  of  A,  B  and  p..  The  vector  p,  gathers  all  the 
remaining  parameters  of  the  model  (such  as  the 
height  of  the  penetration  point,  azimuth  and  eleva¬ 
tion  of  the  ray  path,  geomagnetic  field  declination 
and  dip  angle,  and  so  on),  assumed  to  be  known  at 
(he  instant  of  time  t,  that  the  pair  (B,,  4'.)  has  been 
observed  (n  =  I, ....  Ng).  The  angles  in  the  first  part 
of  (22)  are  multiplied  by  2  to  account  for  the  180* 
ambiguity  in  the  orientation  of  the  major  axis  of  the 
anisotropy  ellipse.  It  is  seen  that  the  final  expression 
for  r.  displays  (he  intuitively  desired  properties:  the 
rms  error  tends  to  zero  when,  simultaneously,  mea¬ 
sured  and  calculated  ^xial  ratios  are  equal  and  mea¬ 
sured  and  calculated  orientations  differ  by  an  arbi¬ 
trary  integer  multipfe  of  fSO'".  It  shoufd  also  be  job- 
served  that  the  value  found  for  e  at  the  solution  (/(, 
B)  can  be  considered  as  an  indicator  of  its  quality: 
the  higher  the  error  is.  the  less  reliable  the  solution  is. 

A  computer  code  to  minimize  (22)  has  been  imple¬ 
mented  by  combining  (he  propagation  model  already 
described  with  subroutine  ZXSSQ,  available  from 
the  International  Mathematical  Subroutine  Library 
(IMSL).  This  subroutine  is  based  on  a  derivative-free 
analogue  of  the  Levenberg-Marquardt  algorithm  for 
nonlinear  least  squares  approximation  [Broun  and 
Dennis.  1972].  To  guarantee  that  the  solutions  are 
constrained  to  the  region  ^  B  ^  1,  the  following 
transformation  has  been  used 

A  “  i +{A„- Dsin^  I  (23o) 

B- I +(/«„- I)  sin*  1/  (236) 


where  Ag  is  an  arbitrarily  large  constant.  The  mini¬ 
mization  is  initially  performed  over  the  un¬ 
constrained  two-dimensional  space  (/,  u),  the  solution 
being  then  substituted  back  into  (23)  to  calculate  the 
desired  anisotropy  of  the  in  situ  irregularities. 

This  procedure  has  been  tested  initially  using  arti¬ 
ficial  data.  In  order  to  generate  this  data  set,  irregu¬ 
larities  with  known  anisotropy  (.4,  B)  were  uniformly 
distributed  through  the  ionosphere.  Next  an  artificial 
satellite  mimicking  a  Hilat  orbit  was  allowed  to  scan 
through  the  ionosphere.  By  the  use  of  the  propaga¬ 
tion  model,  the  ground  diffraction  pattern  was  artifi¬ 
cially  generated  and  the  axial  ratio  and  orientation  of 
the  diffraction  pattern  determined.  The  error  mini¬ 
mization  procedure,  outlined  above,  was  next  used  in 
conjunction  with  the  inverse  propagation  model  to 
recover  the  assumed  values  of  A  and  B.  The  tests 
were  successful  in  all  three  types  of  assumed  aniso¬ 
tropies. 

The  minimization  procedure  has  been  applied  to 
results  obtained  by  the  Rino-Livingston  algorithm 
operating  on  Tromse  Hilat  data  and  shown  in 
Figure  10.  Here,  three  consecutive  observations  (R„, 
'*'«).  »»  =  Af  -  I,  M,  M  -F  1  have  been  used  to  esti¬ 
mate  the  values  for  A  and  B  at  the  instant  of  time 
corresponding  to  the  central  observation  (m  =  M).  M 
has  then  been  incremented  by  I  and  the  process  has 
been  successively  repeated  until  the  data  have  been 
exhausted.  The  estimated  values  for  these  parameters 
are  shown  in  Figure  1 1.  These  values  have  also  been 
applied  to  (he  model  to  calculate  (he  corresponding 
parameters  of  the  anisotropy  ellipse  of  the  diffraction 
pattern.  The  calculated  axial  ratios  and  orientations 
are  shown  in  Figure  10  (dashed  curve).  The  good 
agreement  between  measured  and  calculated  aniso¬ 
tropies  of  the  diffraction  pattern  is  evident. 

There  are  reasons  to  believe  that  the  most  out¬ 
standing  features  in  Figure  II  (a  20:16:1  sheet  at 
0018:30  UT  and  a  winglike  structure  immediately 
after  0022:30  UT)  are  not  real,  but  are  artificially 
generated  when  (he  inversion  of  the  model  becomes 
unstable.  The  examples  in  Livingston  et  at.  [1982] 
also  indicate  that  there  are  regions  along  the  passes 
(where  the  elevation  angles  of  the  ray  paths  are  gen¬ 
erally  low)  in  which  the  model  predicts  very  similar 
values  of  axial  ratios  (and  orientations)  from  very 
different  combinations  of  A  and  B. 

Apart  from  these  regions.  Figure  1 1  shows  a  com¬ 
plex  structuring  of  the  F  region  irregularities,  with 
moderate  to  small  sheets  (particularly  in  the  geo¬ 
metrical  enhancement  region,  around  0018 :4S  UT) 
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TROMSO  HILAT  DEC  12  1983 


COLlOeO)  M.tA  «6.€0  CT.SO  68.87  68.80  70.83  71.84 

C8LT  (H)  1.62  I.7S  1.88  2.24  2.SI  2.83  3.21 

Fif.  II.  Values  for  the  parameters  A  and  B  characterizing  the  anisotropy  of  the  in  situ  irregularities,  obtained 
from  the  application  of  the  minimization  procedure  to  the  Rino-Livingston  (RL,  pluses)  results  shown  in  Figure  10. 


giving  way  to  moderale  (o  small  rods  or  isotropic 
irregularities  at  later  times  (northward  of  Tromso). 
Further,  from  a  comparison  between  the  axial  ratios 
in  Figures  8-10,  one  would  expect  a  similar  behavior 
of  the  irregularities  on  the  other  2  days.  High  axial 
ratios  are  obtained  tn  the  region  of  local  L  shell 
alignment  due  to  the  presence  of  sheetlike  irregu¬ 
larities.  In  addition,  there  is  a  clear  indication  of  the 
presence  of  rodlike  irregularities  northward  of 
Tromso  on  these  days  (later  than  2335:30  UT  on 
December  S,  1983,  and  2241 :03  UT  on  December  1 1, 
1983).  These  results  thus  seem  to  reproduce  at 
Tromso  those  results  which  emerged  from  the  Poker 
Flat/Wideband  experiment  [Livingston  ef  ai,  1982]. 

The  present  example  thus  shows  encouraging  re¬ 
sults  of  a  numerical  technique  to  estimate  the  ani¬ 
sotropy  of  in  situ  irregularities  from  the  measure¬ 
ments  of  analogous  parameters  of  the  ground  diffrac¬ 
tion  pattern.  A  study  is  being  initiated  to  better 
characterize  its  sensitivity  to  perturbations  in  the 
input  data  and  its  ability  to  converge  to  correct  solu¬ 
tions  for  a  large  set  of  practical  conditions. 

Comparing  each  of  the  time  histories  of  the  rms 
phase  fluctuation  or  the  scintillation  index 
(shown  in  Figure  7)  with  that  of  the  axial  ratio  mea¬ 


sured  on  the  same  day  (respectively  shown  in  Figures 
8-10),  one  can  observe  the  importance  of  the  ani¬ 
sotropy  in  relation  to  the  scintillation  magnitudes. 
Since  the  axial  ratio  does  not  depend  on  the  strength 
of  the  irregularities,  the  observed  enhancements  of  St 
and  result  from  the  geometrical  factors  that  are 
sensitively  controlled  by  the  anisotropy  parameters. 

The  elongations  of  the  irregularities  inferred  from 
Figures  8-10  are  considerably  smaller  than  those  de¬ 
tected  by  the  Goose  Bay/polar  beacon  measurements 
previously  discussed  (particularly  those  obtained  on 
March  8,  1982).  They  also  seem  to  be  typically 
smaller  than  the  elongations  resulting  from  the  Wi¬ 
deband  program  [Livingston  el  ai,  1982]. 

An  explanation  for  smaller-than-expected  values  of 
the  axial  ratio  of  the  ground  diffraction  pattern  in¬ 
volves  effects  of  the  distances  between  the  receivers 
on  the  measurements.  Colley  and  Rossiter  [1970] 
have  used  an  array  of  89  dipoles  filling  a  circle  of 
diameter  I  km  (with  the  dipoles  located  at  the  nodes 
of  a  91.4-m*  grid)  to  (I)  compare  results  from  the 
spatial  correlation  analysis  [Briggs,  1968]  with  those 
from  the  temporal  correlation  analysis  of  spaced- 
receiver  data,  and  (2)  compare  results  from  the  tem¬ 
poral  correlation  analysis,  using  different  receiver 
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layouts.  Some  of  their  findings  on  the  behaviors  of 
the  parameters  of  the  ground  diflTraction  pattern  can 
be  summarized  as  follows:  (1)  the  drift  velocities  re¬ 
sulting  from  the  temporal  correlation  analysis  in¬ 
crease  with  the  triangle  size,  tending  however  to  a 
limiting  value  which  is  very  nearly  equal  to  the  drift 
velocity  obtained  from  the  spatial  correlation  tech¬ 
nique;  (2)  the  directions  of  the  drift  velocity  obtained 
from  the  temporal  correlation  technique  have  not 
shown  any  systematic  dependence  on  the  triangle 
size,  being  in  good  agreement  with  the  respective 
values  calculated  by  the  other  technique:  (3)  the  scale 
of  the  correlation  ellipses,  defined  as  their  radius  in 
the  direction  of  the  drift,  varies  with  increasing  trian¬ 
gle  sizes,  in  a  similar  manner  to  that  of  the  drift 
velocity;  (4)  the  major  axis  of  the  correlation  ellipse 
tends  to  be  aligned  along  the  triangle  hypotenuse  for 
small  triangles,  but  this  tendency  decreases  as  the  size 
of  the  triangle  increases;  (S)  the  size  of  the  triangle  at 
which  the  drift  velocity  reaches  a  limiting  value  de¬ 
pends  on  the  scale  of  the  pattern.  Although  vari¬ 
ations  of  the  measured  axial  ratios  with  the  triangle 
size  have  not  been  explicity  studied  in  that  reference, 
the  above  results,  at  least,  leave  the  door  open  to  this 
relationship.  In  addition,  the  observation  of  irregu¬ 
larity  fluctuations  with  large  scale  sizes  by  small 
triangles  would  result  in  essentially  equal  received 
signals,  with  negligible  time  delays  between  similar 
structures  detected  in  different  channels.  In  this  situ¬ 
ation,  the  spaced-receiver  analysis  would  tend  to 
identify  a  larger  number  of  isotropic  diffraction  pat¬ 
terns  than  it  should. -On  the  other  hand,  when  the 
separations  between  the  antennas  become  very  large, 
there  is  an  increasing  possibility  that  structures  de¬ 
tected  by  one  ray  path  be  missed  by  at  least  one  of 
the  other  ray  paths.  There  would  then  be  very  little 
correlation  between  the  signals  and  the  spaced- 
receiver  analysis  would  break  down.  It  should  be 
noted  that,  in  a  power-law  environment,  the  former 
situation  is  potentially  more  damaging,  since  large 
structures  also  carry  more  power. 

In  an  attempt  to  quantify  the  above  discussion,  it 
will  be  assumed  that  a  satellite  is  orbiting  at  a  height 
z,  above  the  ground,  where  two  receivers  are  separat¬ 
ed  by  I,  as  shown  in  Figure  12.  Let  the  range  of 
perpendicular  scale  sizes  /.^  of  the  in  situ  irregu¬ 
larities  from  which  the  spaced-receiver  measurements 
provide  the  best  results  be  such  that  r,  <  <  r,. 

where  r, ,  are  the  lower  and  upper  limits  for  the  ratio 
fP-i  and  y  is  defined  in  the  same  figure.  Further,  let 
frequeiKics  v  and  scale  sizes  be  scaled  by  v  « 


Fig.  12.  Partial  tketcfi  of  the  spaced-receiver  esperimenl.  to 
support  the  study  on  the  influence  of  the  separation  between  the 
antennas  and  the  satellite  velocity  on  the  measurements. 

c,.  where  is  the  velocity  of  the  irregularities  with 
respect  to  the  ionospheric  penetration  point  of  the 
ray  paths.  It  then  follows  that  the  ideal  frequency 
band  for  the  spaced-receiver  measurements  is  given 
by 

<  ^  '■t'  <24) 

where  the  velocity  r,  is  equal  to  the  ionospheric  drift 
I'd  in  the  case  of  a  quasi-geostationary  satellite  and  to 
(Ci/z,)  ■  i’,  in  the  case  of  a  low-orbiting  satellite  with 
orbital  velocity  v,.  The  ideal  frequency  band  thus 
depends  on  both  the  velocity  and  the  separation  f 
between  the  receivers. 

In  the  experiments  discussed  in  the  previous  sec¬ 
tion,  power  spectral  densities  of  intensity  and  phase 
scintillation  have  been  observed  in  the  frequency 
band  0.1  Hz  <  v  <  10  Hz,  shown  in  the  left-hand 
scales  of  Figures  I3n  and  l3/>.  The  much  narrower 
frequency  bands  where  the  observed  spectra  typically 
reach  the  respective  noise  levels,  defining  frequencies 
Vv .  are  clearly  identified  in  these  figures.  Another  rel¬ 
evant  feature  of  the  observed  intensity  spectra  is  the 
Fresnel  frequency  i>, ,  below  which  the  spectra  flat¬ 
ten.  As  indicated  by  the  arrows,  this  frequency  has 
not  remained  constant  during  the  periods  of  observa¬ 
tion  (approximately  90  min  or  10  min  for  the  Goose 
Bay/polar  beacon  or  the  Tromso/Hilat  measure¬ 
ments,  respectively).  Also  shown  by  the  dotted  lines 
and  the  upper  horizontal  scales  in  these  figures  is  an 
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GOOSE  SAY  POLAR  BEACON 


Fig.  I  ia.  Relationships  between  the  lower  and  upper  limits  of 
the  frequency  band  (vertical  scalel  involved  in  the  Goose  Bay/pol¬ 
ar  beacon  spaced-receiver  experiment  and  the  distance  I  between 
the  antennas  (lower  horizontal  scale),  for  dilferent  values  of  the 
parameter  r  =  r, Also  shown  are  the  frequency  band  where  the 
observed  power  spectra  reach  the  noise  level,  (he  (variable)  Fresnel 
heqiKtKjr  ly,  of  the  inlensity  signals,  as  well  as  a  dotted  curve 
displaying  a  normalized  >■  ‘  ’  dependence  of  the  power  spectra  of 
the  received  signals  (upper  horizontal  scale).  The  thick  vertical  bar 
at  I  o  500  m  (actual  separation  between  the  antennas)  represents 
(he  ideal  frequency  hand  for  (he  Goose  Bay/polar  beacon  spaced- 
receiver  measurements. 

approximate  Pit)  at''  frequency  behavior  for  the 
power  spectral  dcnsitic.s.  arbitrarily  normalized  in 
such  a  way  that  P(t>,)  =  I. 

Curves  showing  variations  of  the  frequency  limits 
t'l  jll:  r,  as  functions  of  the  receiver  spacing  (lower 
horizontal  scales)  and  having  r(  =  r,,)  as  a  parameter 
can  also  be  seen.  Curves  are  shown  for  r,  =  1/10,  1/3 
and  for  =  .3,  10.  The  values  r,  >=  1/10  and  r,  =  10 
are  generally  associated  with  the  ideas  of  "much 
smaller  than"  or  "much  greater  than"  in  engineering 
calculations.  The  values  r,  =  1/3  and  =  3  have 
been  associated  with  the  same  respective  ideas  in  the 
magnetoionic  theory  and.  more  importantly,  with  the 
characterization  of  the  scale  size  interval  which  has 
provided  the  most  reliable  results  in  a  simulation  of 
the  spaced-receiver  measurements  by  {Vrfphf  and  Pit- 
leway  [1978].  Typical  values  for  the  remaining  pa¬ 
rameters  have  been  used.  For  the  Goose  Bay/polar 
beacon  experiment,  r, »  and  Vg  %  800  m/s.  For  the 
Tromso/Hilat  experiment,  r,  %  800  km.  x,  %  350  km 


and  V,  —  1.4  km/s.  While  v,  is  approximately  con¬ 
stant,  variations  in  Vg  would  cause  the  Goose  Bay/ 
polar  beacon  curves  to  proportionally  shift  upward 
or  downward. 

The  typical  receiver  spacings  in  these  experiments 
are  SOO  m  and  320  m,  respectively.  In  each  figure,  a 
thick  vertical  bar  (parallel  to  (he  frequency  axis)  at 
(he  appropriate  spacing  defines  the  “ideal”  frequency 
band  for  the  respective  spaced-receiver  measure¬ 
ments.  The  lower  limit  for  this  frequency  band  is 
given  by  the  respective  curve  v,(f;  r,  =  1/3).  Its  upper 
limit  is  given  by  the  smaller  of  Vjff;  rj  =  3)  and  It 
is  seen  that  the  values  for  r,  and  r,  established  by 
Wright  and  Pitieway  [1978]  have  been  adopted  in 
the  present  characterization  of  the  “ideal”  frequency 
band.  Broader  frequency  bands,  defined  by  thin  verti¬ 
cal  bars,  can  also  be  seen  in  the  same  figures.  The 
lower  limits  for  these  frequency  bands  are  the  greater 
of  v,(/;  r,  =  1/10)  and  v„  (In  the  case  of  inlensity 
spectra),  while  their  upper  limits  are  (lie  smaller  of 

TROMSO  HILAT 


10''  to'*  to** 


Fig  I.5t>.  Rc)atU>nships  between  (he  lower  and  upper  limits  of 
the  frequency  band  (vertical  scale)  involved  in  the  Tromso.'Hilat 
spaced-receiver  eapetiment  and  the  distance  I  between  the  an¬ 
tennas  (lower  horizontal  Kale),  for  different  values  of  the  parame¬ 
ter  r  •  r,  ,.  Also  shown  are  (he  frequency  hand  where  the  ob- 
Mrved  power  spectra  reach  llte  noiK  level,  the  (variable)  Fresnel 
frequency  of  the  inlensity  signals,  us  well  as  a  dolled  curve 
displaying  a  normalized  dependence  of  the  power  spectra  of 
the  received  signals  (upper  horizontal  Kale)  The  thick  vertical  bar 
at  I  •>  .520  m  (actual  separation  between  the  antennas)  represents 
the  ideal  frequency  band  for  l)ie  Tromso  Milat  spacetl-receiser 
irMasuremenls. 
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f’l  10)  and  Vf,.  Since  scale  sizes  reasonably 
larger  than  the  respective  receiver  spacing  are  now 
considered,  a  degradation  of  the  results  from  the 
spaced-reoeiver  analysis  applied  over  this  broader 
frequency  band  is  more  likely  to  occur,  according  to 
the  above  reasoning. 

Finally,  note  that  the  “ideal”  frequency  band  for 
the  spaced-receiver  analysis  is  relatively  well  matched 
with  the  available  frequency  band  (between  v^,  nd  v„) 
for  scintillation  observations  in  the  case  of  the  Goose 
Bay/polar  beacon  experiment.  The  relative  mismatch 
between  these  two  frequency  bands  in  the  case  of  the 
Tromso/Hilat  measurements  could  be  partially  re¬ 
sponsible  for  the  small  axial  ratios  obtained  for  the 
anisotropy  ellipse  of  the  diffraction  pattern.  One  ob¬ 
vious  way  of  obtaining  a  better  match  between  these 
two  frequency  bands  is  to  bandpass  filter  the  original 
signals  to  reject  the  components  outside  the  “ideal” 
frequency  band  as  much  as  possible.  One  alternative 
to  this  procedure  would  be  to  apply  the  spectral 
analysis  of  spaced-receiver  data  described  in  the  com¬ 
panion  paper  [_Costa  and  Fougere,  1987]  upon  the 
“ideal”  frequency  band  only.  Figure  13h  shows,  how¬ 
ever,  that  neither  solution  is  totally  effective  in  the 
present  case,  since  both  are  equivalent  to  rejecting  a 
very  high  percentage  of  the  total  available  power. 
Nevertheless,  in  support  of  the  above  arguments,  one 
of  the  examples  (using  Tromso/Hilat  data  recorded 
on  December  5,  1983)  of  the  application  of  the  spec¬ 
tral  analysis  upon  a  slightly  broader  frequency  band 
than  the  “ideal”  has  shown  an  increase  in  the  axial 
ratio  around  the  geometrical  enhancement  region. 

The  present  arguments  could  also  explain  the  ap¬ 
parently  higher  axial  ratios  resulting  from  the  Poker 
Flat/Wideband  measurements.  While  the  relevant 
parameters  of  the  Wideband  and  Hilat  satellites  were 
similar,  the  typical  antenna  separation  at  Poker  Flat 
was  approximately  equal  to  9(X)  m.  This  is  a  more 
favorable  situation  to  spaced-receiver  measurements 
employing  such  a  low-orbiting  satellite  as  the  source 
of  the  signals,  as  a  diagram  analogous  to  that  in 
Figure  13h  would  show. 

6.  SUMMARY 

Two  algorithms  which  provide  a  statistical  treat¬ 
ment  to  the  estimation  of  the  parameters  of  the 
spaced-receiver  analysis  have  been  reviewed  in  this 
contribution.  Both  operate  on  the  autocorrelation 
and  cross-correlation  functions  of  the  received  sig¬ 
nals,  which  are  modeled  by  a  decreasing  function  of 


two  spatial  variables  (representing  distances  between 
receivers)  and  the  time  delay,  alt  combined  into  a 
positive-definite  quadratic  form.  That  is,  it  is  as¬ 
sumed  that,  for  a  fixed  instant  of  time,  lines  of  con¬ 
stant  correlation  levels  define  ellipses,  which 
characterize  the  anisotropy  of  the  ground  diffraction 
pattern. 

In  general,  a  good  agreement  has  been  found  be¬ 
tween  the  results  from  the  two  algorithms.  However, 
in  a  relatively  small  percentage  of  the  observations, 
at  least  one  of  the  algorithms  has  collapsed  or  a 
difference  has  been  detected  between  their  results.  It 
has  been  shown  [McGee,  1966;  Briggs  and  Galley, 
1968;  Wernik  et  ai,  1983]  that  random  or  regular 
velocity  changes  along  the  ray  path  could  be  trans¬ 
lated  into  cross-correlation  functions  which  are  not 
symmetric  around  their  maxima,  thus  leading  to  a 
disagreement  between  the  data  and  the  present 
model,  represented  by  (I).  Also,  the  algorithm  sug¬ 
gested  by  Rina  and  Livingston  [1982]  uses  only  the 
time  delays  for  the  maxima  and  the  crossings  of  the 
correlation  functions  to  estimate  the  anisotropy  and 
the  drift  velocity  of  the  diffraction  pattern  On  the 
other  hand,  the  generalized  version  of  the  Fedor 
[1967]  algorithm  presented  here  uses  the  information 
provided  by  the  correlation  functions  more  fully. 
This  disagreement  between  the  data  and  their  model 
and  the  different  approaches  of  the  algorithms  to  the 
same  estimation  problem  are  the  most  likely  expla¬ 
nations  for  the  observed  differences  in  their  results. 

The  spaced-receiver  analysis  of  signals  transmitted 
from  a  quasi-geostationary  polar  beacon  and  re¬ 
ceived  at  Goose  Bay  has  shown  a  great  variability  in 
the  anisotropy  and  the  drift  velocity  of  the  diffraction 
pattern  observed  on  2  consecutive  days.  Variations  of 
these  parameters  on  shorter  time  scales  have  also 
been  detected.  Relatively  high  axial  ratios  of  the  ani¬ 
sotropy  ellipse  of  the  diffraction  pattern  have  been 
observed.  Considering  the  relatively  low  elevation 
angles  of  the  ray  paths  (approximately  45°),  these 
values  seem  to  indicate  the  presence  of  rodlike  in  situ 
irregularities  northward  of  Goose  Bay.  Further,  the 
essentially  eastward  drift  velocities  measured  on  both 
days  between  0400  UT  and  0530  UT  follow  the  pat¬ 
tern  of  eastward  plasma  drift  in  the  auroral  zone 
during  this  time  sector  [Heells  and  Hanson,  1980; 
Heelis  et  al.,  1982]. 

Signals  transmitted  by  the  Hilat  satellite  and  re¬ 
ceived  at  Tromso  have  also  been  analyzed.  The  re¬ 
sults  seem  to  reproduce  those  observed  during  the 
Poker  Flat/Wideband  experiment  [Fremouw  et  al.. 
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1977;  Rino  et  at.,  1978;  Livingston  et  at.,  1982].  That 
is,  enhancements  of  the  axiaf  ratio  are  observed 
around  the  region  of  local  L  shell  alignment  of  the 
ray  path,  indicating  the  presence  of  sheetlike  irregu¬ 
larities.  Further,  the  observed  increase  of  the  axial 
ratio  at  the  later  parts  of  the  orbits  selected  for 
analysis  indicates  the  existence  of  rodlike  irregu¬ 
larities  northward  of  Tromse.  Analogous  behaviors 
have  also  been  observed  in  the  scintillation  index 
and  in  the  rms  phase  fluctuation  a^.  Within  the 
scope  of  the  present  theory,  the  axial  ratio  does  not 
depend  on  the  strength  of  the  in  situ  irregularities. 
The  above  result  thus  seems  to  indicate  that  changes 
in  the  anisotropy  of  the  irregularities  may  play  an 
important  role  in  the  observed  variations  in  and 

o*- 

It  has  also  been  observed  that  the  axial  ratios  re¬ 
sulting  from  the  Tromso/Hilat  measurements  are 
smaller  than  their  equivalents  from  the  Goose  Bay/ 
polar  beacon  or  the  Poker  Flat/Wideband  experi¬ 
ments.  Since  diflerent  receiver  separations  and/or  sat¬ 
ellites  with  different  velocities  have  been  employed, 
these  experiments  sample  irregularities  with  different 
scale  sizes.  Any  dependence  of  the  anisotropy  of  the 
in  situ  irregularities  on  their  scale  sizes  (caused,  for 
instance,  by  mechanisms  responsible  for  their  gener¬ 
ation  or  removal)  could,  in  principle,  be  translated 
into  differences  in  the  axial  ratios.  It  is  not  clear, 
however,  whether  such  a  dependence  would  be 
strong  enough  to  explain  the  above  observations. 
Further,  structures  with  scale  sizes  much  larger  than 
those  which  woul<l  be  ideally  sampled  by  the  particu¬ 
lar  experiment  would  be  detected  by  all  the  receivers 
almost  simultaneously,  thus  tending  to  indicate  the 
presence  of  more  isotropic  irregularities.  This  mecha¬ 
nism  is  reinforced  by  the  fact  that,  in  a  power-law 
environment,  structures  with  larger  scale  sizes  also 
carry  more  power.  It  has  been  indicated  that  the 
Tromso/Hilat  experiment,  due  to  the  relatively  small 
separations  between  the  receivers,  seems  to  have  been 
particularly  affected  by  this  mechanism. 

Finally,  a  simple  propagation  model  of  the  spaced- 
rcccivcr  experiment  has  been  presented.  It  has  shown 
that  the  anisotropy  ellipses  of  the  diffraction  pattern 
are  geometrical  projections  along  the  ray  path  onto 
the  ground  of  the  assumed  ellipsoids  which 
characterize  the  anisotropy  of  the  in  situ  irregu¬ 
larities.  Since  a  continuum  of  ellipsoids  project  onto 
the  same  ellipse,  it  is  not  theoretically  possible  to 
associate  a  unique  set  of  parameters  specifying  the 
anisotropy  of  the  irregularities  to  each  observation  of 


the  anisotropy  of  the  ground  diffraction  pattern.  A 
numerical  technique  has  been  proposed  which  associ¬ 
ates  an  average  anisotropy  of  a  volume  in  the  iono¬ 
spheric  F  region  to  multiple  observations  of  the  ani¬ 
sotropy  ellipse  of  the  diffraction  pattern.  A  nonlinear 
minimization  of  the  rms  error  between  measured  and 
calculated  (by  the  propagation  model)  values  of  this 
parameter  is  used  in  this  procedure.  The  importance 
of  using  observations  of  the  anisotropy  ellipse  corre¬ 
sponding  to  ray  paths  which  penetrate  the  iono¬ 
sphere  with  reasonably  different  aspect  angles  has 
been  emphasized.  When  this  condition  is  not  met,  the 
procedure  becomes  very  unstable,  and  small  pertur¬ 
bations  in  the  data  could  lead  to  large  departures 
from  the  true  value  of  the  anisotropy  of  the  F  region 
irregularities.  Thus  to  use  this  procedure  more  ef¬ 
fectively  in  the  future,  it  is  important,  as  a  continu¬ 
ation  of  the  present  work,  to  define  its  stability 
region  more  precisely. 
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The  apparent  velocity  calculated  by  the  dispersion  analysis  is  interpreted  in  terms  of  the  fundamental 
narameters  of  the  cross-correlation  analysis  of  spaced-receiver  data,  without  any  assumptions  in  addi¬ 
tion  to  those  already  present  in  the  latter  technique.  The  dispersion  analysis  is  then  generalized,  by 
.  assuming  a  realistic  (power  law)  functional  form  for  the  power  spectral  density  of  the  irregularities  in 
the  ionospheric  F  region.  Next,  an  algorithm  is  proposed  to  estimate  the  anisotropy  and  the  true  drift 
velocity  of  the  ground  diffraction  pattern  directly  from  the  cross  spectra  of  the  received  signals.  This 
technique  is  applied  to  HiLat  spaced-receiver  data  recorded  at  Tromse,  Norway  (69.7''N,  I8.9''N),  in 
two  different  modes.  In  the  first,  it  is  applied  on  a  relatively  broad  frequency  band  and  its  results 
compared  with  those  from  the  cross-correlation  analysis.  A  good  general  agreement  is  found.  In  the 
second  mode,  the  technique  is  repeatedly  applied  on  narrow  and  adjacent  frequency  bands,  to  detect 
possible  frequency  variations  of  (he  anisotropy  of  (he  diffraction  pattern.  A  behavior  analogous  to  that 
of  (he  apparent  velocity,  previously  reported  in  the  literature,  is  (hen  observed. 


I.  INTRODUCTION 

There  are  (wo  ways  to  analyze  data  from  spaced- 
receiver  measurements. 

The  first  is  the  correlation  analysis  technique, 
based  on  the  original  idea  that  transionosphcric  sig¬ 
nals  received  by  spaced  probes  on  the  ground  display 
similar  structures  displaced  in  time.  Dividing  the  dis¬ 
tances  between  the  receivers  by  the  respective 
average  time  delays  between  these  similar  structures, 
a  crude  esiimale  for  the  drift  velocity  of  the  diffrac¬ 
tion  pattern  defined  on  the  ground  can  be  obtained. 
A  refinement  of  this  idea  uses  the  autocorrelation 
and  cross-correlation  functions  between  the  received 
signals  to  estimate  Ihc  anisotropy,  the  true  drift  ve¬ 
locity  and  the  apparent  velocity  of  this  diffraction 
pattern.  The  correlation  analysis  is  relatively  well  es¬ 
tablished  [Briggs  el  a!.,  1950;  Kent  and  Hosier,  1966; 
Rino  and  Livingsion,  1982]  and  has  been  used  in 
ionospheric  studies  at  the  equatorial  region  [Basu  ei 
ai,  1986],  in  midlatitudes  [Moorcrofi  and  Ariina, 
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1972]  and  at  high  latitudes  [Livingston  el  ai,  1982]. 
Two  of  the  available  algorithms  for  the  correlation 
analysis  of  spaced-receiver  data  are  reviewed  in  the 
companion  paper  [Costa  et  ai,  this  issue]  (hereafter 
referred  lo  as  CFB)  and  their  results  compared  and 
interpreted  in  terms  of  the  anisotropy  of  the  in  situ 
irregularities. 

The  second  is  the  dispersion  analysis  technique, 
based  on  the  assumption  that  a  given  Fourier  com¬ 
ponent  in  the  records  arises  from  the  passage  over 
the  receivers  of  a  sinusoidal  waveform  with  its  own 
velocity,  which  is  then  estimated  at  each  frequency 
[Briggs,  19686;  Briggs  and  Colley,  1968].  This  is 
done  by  equating  (he  calculated  phase  of  a  cross 
spectrum  to  the  phase  difference  between  the  two 
corresponding  Fourier  components.  Thus  this  tech¬ 
nique  uses  only  the  phases  of  the  cross  spectra  to 
calculate  an  apparent  velocity  and  provides  no  infor¬ 
mation  on  the  anisotropy  of  the  ground  diffraction 
pattern. 

These  authors  (see  also  IVernik  et  ai  [1983]) 
stressed  the  differences  between  the  correlation  and 
(he  dispersion  analysis.  They  also  noted  that  the  as¬ 
sumption  that  a  given  Fourier  component  in  the  re¬ 
cords  is  produced  by  a  single  wave  passing  over  the 
receivers  is  crucial.  They  further  pointed  out  that  in 
other  situations  (for  instance,  a  system  of  waves  with 
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the  same  wavelength  but  diflerent  directions)  the 
analysis  would  also  give  a  result,  whose  interpreta¬ 
tion,  however,  would  be  extremely  diflicult.  They 
thus  suggested  that  the  results  of  the  dispersion 
analysis  should  be  interpreted  with  caution. 

In  a  diametrically  opposite  approach,  the  simi¬ 
larities  between  the  two  techniques  will  be  empha¬ 
sized  here.  By  a  trivial  one-dimensional  Fourier 
transform  of  the  fundamental  equation  for  the 
“space-time”  correlation  function  of  the  received  sig¬ 
nals,  and  imposing  no  additional  restrictions,  an 
equation  will  be  obtained  for  the  phase  of  the  cross 
spectra.  Based  on  this  result,  the  apparent  velocity  of 
the  dispersion  analysis  will  be  expressed  in  terms  of 
the  parameters  of  the  original  correlation  function. 
This  will  show  that  an  apparent  velocity  can  be  cal¬ 
culated  by  the  correlation  analysis  which  is  equiva¬ 
lent  to  that  of  the  dispersion  analysis.  This  interpre¬ 
tation  is  entirely  free  from  the  assumption  of  sinu¬ 
soidal  waves  passing  over  the  receiving  system. 

Further,  autocorrelation  and  cross-correlation 
functions  are  Fourier  transforms  of  auto-  and  cross 
spectra,  respectively,  and  vice  versa.  The  information 
available  to  the  spectral  analysis  (in  the  frequency 
domain)  is  thus  totally  equivalent  to  that  available  to 
the  correlation  analysis  (in  the  time  domain).  It 
should  then  be  possible  to  generalize  the  dispersion 
analysis  to  also  estimate  the  anisotropy  and  the  true 
drift  velocity  from  the  calculated  auto-  and  cross 
spectra  of  the  received  signals.  This  generalized  tech¬ 
nique  will  be  called  cross-spectral  analysis  of  spaced- 
receiver  data. 

An  algorithm  to  estimate  the  same  parameters  of 
the  fundamental  “space-time”  correlation  function  di¬ 
rectly  from  (he  auto,  coherency  and  phase  spectra  of 
the  received  signals  will  be  developed  in  the  following 
sections.  In  the  process,  a  realistic  functional  form  for 
the  power  spectral  density  of  the  ionospheric  irregu¬ 
larities  will  be  assumed.  It  will  then  be  possible  to 
characterize  the  anisotropy  and  the  drill  velocity  of 
the  ground  diffraction  pattern  exactly  as  in  the  corre¬ 
lation  analysis  (see,  for  instance,  Kent  and  Kosier 
[1966]).  Axial  ratios  and  orientations  of  the  major 
axes  of  the  anisotropy  ellipses  of  the  ground  diffrac¬ 
tion  pattern  obtained  by  the  correlation  and  spectral 
techniques  will  be  compared  using  data  obtained 
during  different  HiLat  orbits  over  Tromse,  Norway 
(69.7*N,  18.9‘E).  It  will  be  seen  that  the  agreement 
between  the  respective  results  is  generally  good. 
Localized  differences  will  also  be  discussed. 

In  principle,  it  would  be  possible  to  investigate 
frequency  variations  of  the  anisotropy  and  the  drift 


velocity  of  the  ground  diffraction  pattern  by  the  cor¬ 
relation  analysis.  Initially,  it  would  be  necessary  to 
design  several  very  narrow  and  sharp  digital 
bandpass  filters.  The  received  signals  would  then  be 
pre-fiitered  before  the  correlation  analysis.  Of  course, 
it  is  much  easier  to  perform  this  analysis  in  the  fre¬ 
quency  domain,  by  applying  the  present  algorithm 
on  very  narrow  and  adjacent  frequency  bands.  Using 
such  a  technique,  Briggs  and  Colley  [1968]  observed 
frequency  variations  of  the  amplitude  of  the  apparent 
velocity,  while  its  direction  remained  essentially  con¬ 
stant.  These  results  have  been  mainly  attributed  to 
the  presence  of  random  or  regular  velocity  variations 
along  the  ray  path  (see  again  Wernik  el  al.  [1983]).  It 
will  be  shown  here,  also  using  Tromso/HiLat  spaced- 
recetver  data,  that  the  anisotropy  of  the  diffraction 
pattern  seems  to  display  an  analogous  frequency  be¬ 
havior  to  that  of  the  apparent  velocity.  That  is,  fre¬ 
quency  variations  are  mainly  observed  in  the  axial 
ratio,  and  not  in  the  orientation  of  the  major  axis  of 
the  anisotropy  ellipse. 

2.  -SPACE-FREQUENCY-  SPECTRUM  OF  THE  PHASE 
FLUCTUATIONS  IN  THE  RECEIVED  SIGNALS 

In  this  and  in  the  following  sections,  the  same  ge¬ 
ometry,  assumptions  and  nomenclature  established 
in  the  companion  paper  (CFB)  will  be  employed. 

As  a  partial  result  of  the  model  described  therein, 
and  slightly  rearranging  terms,  the  expression  pre¬ 
viously  found  for  the  “space-time"  correlation  func¬ 
tion  of  the  phase  fluctuations  in  the  received  signals 
can  be  cast  in  the  following  form 

P^tAx,  At) 

-f  R*{{ii’+r[E  +  (At-t-F)»]!' 

♦  r 

R„t|u|)(fii 

•  T 

-R,!(oA.v'  +  2h  A.t  Av  +  h  A.i  *  +  2/  A.v  At 

2(1  At  At -I- f  Ar']''M  It) 

which  is  the  basic  equation  for  the  correlation  analy¬ 
sis  of  spaced-receiver  data.  In  the  above  equation 

E  »  («/f)  A.x^  +  2(ft/c)  A.x  A)'  +  (bfe)  A.v* 

-  [|//r)  A.t  +  (d/f)  A.v]*  (2) 

F  -  (//c)A.r  +  (fl/f)  A.v  (3) 

and.  as  indicaied  in  that  paper.  (I)  R/Jlp)  is  a  decreas¬ 
ing  function  of  its  (positive)  argument,  normalized  in 
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such  a  way  that  R/AO)  »  I ;  (2)  the  parameters  a,  b,  c, 
/  0  and  h  can  be  expressed  in  terms  of  the  geometry, 
the  geomagnetic  field,  the  velocity  of  the  satellite 
transmitting  the  signals,  the  drift  velocity  of  irregu¬ 
larities  in  the  electron  density  in  the  ionosphere  and 
the  parameters  characterizing  the  “space-time”  corre¬ 
lation  function  of  these  irregularities.  Since  the  main 
objective  in  this  contribution  is  to  introduce  a  tech¬ 
nique  which  directly  estimates  the  values  for  these 
coefficients  from  data  obtained  by  the  spaced- 
receiver  experiment,  it  is  not  important  to  present 
these  complicated  relationships  here. 

Calculating  the  Fourier  transform  of  (I)  with  re¬ 
spect  to  Ar  alone,  the  following  general  equation  is 
found  for  the  “space-frequency"  power  spectral  den¬ 
sity  of  the  phase  fluctuations  of  (he  signals  received 
on  the  ground 

P/Ax,  (u) 

•'o _ ^ _  (4) 

1^*  R«(il  * 

where  Jof'*)  the,  Bessel  function  of  first  kind  and 
order  zero.  This  general  model  can  be  applied  to  the 
particular  spaced-receiver  layout  by  appropriately  se¬ 
lecting  the  values  for  Ax  to  predict  the  cross  spec¬ 
trum  between  each  particular  pair  of  received  signals. 
Obviously,  the  special  case  Ax  0  would  yield  the 
autospectrum  of  any  of  the  signals. 

It  is  seen  from  (4)  that  the  absolute  value  of  P^,{Ax, 
o})  depends  only  on  (r£)  and  [«/(<■)''*]•  However,  it  is 
impossible  here  to  express  |P.^(Ax.  <u)|  as  a  general 
function  of  a  one-dimensional  argument  formed  by 
some  combination  of  these  parameters,  as  resulted 
from  ( I ).  Thus  to  continue  the  present  derivation,  it  is 
necessary  to  assume  a  special  shape  for  Ryipt  or. 
equivalently,  for  the  “wave  number-frequency" 
power  spectral  density  QyiK,  at)  of  (he  electron  den¬ 
sity  irregularities  in  (he  ionosphere. 

To  be  useful,  such  a  shape  would  have  to  be  select¬ 
ed  as  a  compromise  between  two  features.  Simplicity 
is  important,  to  ensure  (hat  (he  final  results  are  man¬ 
ageable  enough  to  permit  the  development  of  a 


scheme  for  the  estimation  of  the  desired  parameters. 
On  the  other  hand,  the  importance  of  achieving  the 
best  possible  agreement  with  observations  in  the 
region  of  interest  should  be  even  more  obvious.  Ex¬ 
tensive  in  situ  [Dyson  et  ai,  1974;  Kelley  et  ai,  1980, 
1982]  and  ground-based  [Fremouw  et  ai,  1978; 
Aarons,  1982;  Basu  et  ai,  1985]  measurements,  as 
well  as  computer  simulation  studies  [Keskinen  and 
Ossakow,  1983],  of  high-latitude  F  region  ionospheric 
irregularities  have  all  indicated  that  (heir  power  spec¬ 
tral  density  can  be  well  represented  by  a  simple 
power  law  in  the  range  of  scale  sizes  usually  observed 
in  the  spaced-receiver  experiment  (a  few  tens  of  ki¬ 
lometers  to  several  hundred  meters).  That  is,  it  will 
be  assumed  that,  in  a  reference  frame  aligned  with 
the  geomagnetic  field, 

CO)  =  QAq)  =  Oolflo  +  "  (5) 


where  Qq,  qg,  and  p  are  constants  and  q  =  lKf 
+  A^K*  4  4  referring  again  the 

reader  to  the  nomenclature  of  CFB.  Calculating  the 
corresponding  “space-time"  correlation  function  via 
the  Fourier  transform  defined  in  the  same  reference, 
substituting  the  result  into  (4)  and  rearranging  and 
redefining  terms,  the  final  result  for  the  “space- 
frequency"  power  spectral  density  of  the  phase  fluctu¬ 
ations  can  be  written  in  the  form 


F^fAx,  to)  -  Pjho)CjlAx,  to)  exp  to)] 

PJto)  =  Po(oto  +  to’)'" 
jPJAx.  u>)| 


C^(Ax.  ci>)  ■ 
I 


F*((o) 


4  co»)]*K,[yE(coJ  4  tuM] 


2'  ’I  (;i) 

4>,(Ax.  ci>)  =  «>f'  =  loO/c'l  Ax  4  (0/c)  Ay] 


(6) 

(7) 

(8) 
(9) 


P^feu)  is  the  autospectrum  and  C^fAx,  w)  and 
<t)^(Ax,  tu)  are.  respectively,  the  “space-frequency."  co¬ 
herency  and  phase  spectra  of  the  phase  fluctuations 
In  (he  received  signals.  In  the  above  equations,  tOg  is 
a  constant  (related  to  qp)  representing  the  roll-off  fre¬ 
quency  of  the  power  spectrum,  r(p)  Is  the  gamma 
function  and  K„(h')  is  (he  modified  Bessel  function  of 
the  second  kind  and,order  p.  It  should  be  observed 
that  F^(w)  K  is  a  decreasing  function  of  its 

argument  and  (hat  F^(w)-»  2*"  Tfp)  as  w— *  0.  Equa¬ 
tions  (6)-(9)  are  thus  “internally  consistent"  when 
Ax  ~  0. 

It  is  obtained  from  (4)  that,  considering  the  as¬ 
sumptions  under  which  it  was  derived,  equation  (9) 
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Fig.  I.  Propagation  of  a  plane  wave  front,  represented  by  lines 
of  constant  phase  and  whose  velocity  V,  makes  an  angle  a, 
with  the  X  axis,  over  a  system  of  three  receivers.  The  receiver 
layout  defines  a  right  triangle  with  sides  x,and  y,. 


for  the  phase  spectrum  <u)  does  not  depend  on 

the  shape  of  the  function  R/v(p).  This  equation  can  be 
used  to  calculate  the  velocity  Kj  defined  in  the  dis¬ 
persion  analysis  in  terms  of  the  basic  parameters  of 
the  correlation  analysis  (see  (I)).  Assuming  (he  receiv¬ 
er  layout  shown  in  Figure  I,  following  Briggs  and 
GolUy  [1968]  and  using  (9),  one  gets 

2)c  w 

♦ii  —  >0  sin  «,  •=  —  stn  «j 

/.  .  K, 

-  9(Ax,,.  or)  =  wig/c)yo  (10) 

d>,j  —  x,  cos  «j  =  —  x,  cos  J, 

/.  y, 

-  ^Ax,, ,  o)]  =  fiK/lc)x„  (II) 

where  ?.  is  the  scale  size  associated  with  (he  Fourier 
component  of  the  diffraction  pattern  whose  angular 
frequency  is  to  (so  that  ).to  =  2nVj).  From  (he  above 
equation,  it  can  be  seen  that  the  velocity  defined  by 


>'i“a»[(4»„/.Vo)’+(®„/to)']-''’ 

(12) 

lan  a,  -  (•„.to)A®jj>o) 

in  Briggs  and  Colley's  dispersion  analysis  can  be  ex¬ 
pressed,  in  terms  of  the  parameters  of  the  correlation 
analysis,  as 


F'l  -  Cif*  +  gY  tan  a,  -  g/f  (13) 
That  is,  the  velocity  F',  of  the  dispersion  analysis 


can  be  interpreted  as  an  apparent  velocity  of  the  cor¬ 
relation  analysis  (labeling  as  “apparent”  any  velocity 
obtained  from  the  coelTicients  a,  b,  c,f,  g,  and  h  which 
differs  from  the  true  drift  velocity).  It  should  be  ob¬ 
served  that  F'j  is  not  equal  to  other  apparent  veloci¬ 
ties  defined  in  the  literature.  For  example,  it  can  be 
shown  that  the  apparent  velocity  V\  defined  by 
Briggs  et  al.  [I9S0],  Briggs  [I968<i]  and  Kent  and 
Koster  [1966],  which  is  aligned  with  the  true  velocity 
V,  and  for  which  the  relationship  V\  V  =  +  Vf 

(K  is  the  characteristic  velocity)  is  valid,  is 
characterized  by 

y,  =  c[(/6  -  gh)^  +  (ag  -fh)’y'‘/e 

(14) 

lan  «,  =  [fh  -  ag)/{gh  -fb) 

where  e  =  f(fh  —  gh)  +  g(ag  —  fh).  On  the  other 
hand,  Rino  and  Livingston  [1982]  used  the  apparent 
velocity  F',  whose  components  are  obtained  by  di¬ 
viding  the  distances  between  receivers  by  the  time 
delays  for  maximum  cross  correlation  between  the 
corresponding  signals.  Using  again  the  receiver 
layout  in  Figure  I,  it  can  be  shown  (hat 

y,  =  ip  +  g^V'Vi  fg)  (an  x,  =  gif  (t5) 


It  should  also  be  noted  that  the  frequency  vari¬ 
ation  of  the  velocity  F',  observed  by  Briggs  and 
Colley  [1968]  cannot  be  explained  in  the  context  of 
the  present  theory,  as  evident  from  (13).  Neither  can 
we  explain  the  slight  skewness  of  the  cross- 
correlation  functions  of  the  received  signals  around 
(heir  maxima,  also  observed  by  the  same  authors  (sec 
(I)).  McGee  [1966]  has  explained,  based  on  qualita¬ 
tive  arguments,  that  the  two  observations  should  be 
related.  Briggs  and  Colley  [1968],  although  admitting 
(hat  a  dispersive  motion  of  the  ionosphere  could  be 
involved,  suggested,  again  based  on  qualitative  argu¬ 
ments.  that  a  regular  variation  of  the  drift  velocity 
along  (he  ray  path  would  be  a  more  likely  source  for 
the  observations.  Recently.  W'ernik  et  al.  [1983]  in¬ 
troduced  the  effects  of  both  regular  velocity  vari¬ 
ations  along  (he  ray  path  and  random  velocity  fluc¬ 
tuations  in  the  ionosphere  into  a  model  of  the 
spaccd-receivcr  experiment,  considering  a  geometry 
typically  found  at  the  equator  (infinitely  elongated 
irregularities  along  the  geomagnetic  field  lines  as¬ 
sumed  to  be  perpendicular  to  the  lines  joining  the 
receivers).  Their  results  clearly  show  that  any  of  the 
modeled  features  would  produce  frequency-varying 
velocities  and  skewed  cross-correlation  functions, 
thus  confirming  the  observations  and  those  previous 
explanations. 
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Fig.  2.  Axial  ratios  and  orientation  angles  of  the  major  axes  of  the  anisotropy  ellipses  of  the  diffraction  pattern, 
obtained  by  the  spectral  (curves  SPC,  pluses)  and  the  correlation  (curves  MF,  triangles)  analyses.  Tromso/Hilat 
spaced-receiver  intensity  data  recorded  on  Dec  S.  I9t3.  have  been  used.  The  spectral  analysis  has  been  restricted  to 
data  in  the  frequency  band  I.S  Hx  <  v  <  7  Hz.  The  correlation  analysis  has  employed  the  modified  Fedor  algo¬ 
rithm  [FfJor.  1967;  CFB,  this  issue]. 


3.  ALGORITHM  FOR  THE  SPECTRAL  ANALYSIS 
OF  SPACED-RECEIVER  DATA  ■ 

Let  «,  receivers  Ijc  located  at  x,  =  >■,).  i  =  •.  2. 

....  n,  on  the  ground  reference  plane  defined  in 
Figure  2  of  the  companion  paper  (CFB).  Also,  define 
Ax,j  » (Ax,j,  Ay,/)  ^  Xj  —  X,  for  all  possible  combi¬ 
nations  of  f  and  J.  Further  assume  that  the  values  of 
P^foJi).  C/Ax,/,  <!»,)  and  «»,)  have  been  cal¬ 

culated  from  the  received  signals  at  the  selected 

angular  frequencies  cu,,  f  -  I,  2 . L  for  all  possible 

combinations  of  f  and  j.  It  is  not  required  for  the 
success  of  the  present  algorithm  (hat  these  fre¬ 
quencies  be  equally  spaced. 

The  values  for  the  parameters  f/c  and  g/c  can  be 
calculated  using  only  (9).  That  is,  all  available  equa¬ 
tions  of  the  form 

a 

Ax,/{flc)  +  Ay„Ullc)  -  ro,)/<u,  (16) 

f,j-l . n,  I- I . L 

can  be  collected  into  a  n,  k  2  system  of  linear  equa¬ 
tions  Dj*U2“T,  ,  where  g)/c  and  the 

superscript  T  indicates  the  transpose  of  a  matrix. 


The  elements  of  the  matrices  Djln,  x  2)  and  Tjfnj 
X  I)  are  readily  inferred  from  the  above  equation.  A 
solution  for  this  system  of  equations  can  then  be 
found  as  presented  below. 

Before  calculating  the  remaining  parameters  a/c, 
h/c  and  h/c,  it  is  necessary  to  estimate  the  values  of  g 
and  (»o .  This  can  be  done  by  minimizing  the  sum  of 
the  squared  errors  between  the  measured  values 
and  those  calculated  by  (7),  for  all  values  of  i 
and  I.  It  is  not  uncommon  for  the  roll-off  frequency 
<’)„  to  be  much  smaller  than  all  the  selected  fre¬ 
quencies  u>,.  When  this  happens,  the  dependence  of 
P«(«>)  and  C^(Ax,  to)  on  cuo  can  be  totally  neglected 
in  (7)  and  (8).  reasonably  simplifying  the  estimation 
of  both  the  spectral  index  g  and  those  remaining 
parameters. 

Finally,  using  the  known  values  for  f/c,  g/c,  g  and 
(i>o  (when  necessary),  as  well  as  the  fact  that  r  «: 
f  ^(.x)  =  .s'K^fs)  is  a  decreasing  function  of  the  argu¬ 
ment  s  (and  thus  its  inverse  s  =  F ~  '(r)  can  be  found), 
the  values  for  the  parameters  a/c,  h/c  and  h/c  can  be 
calculated.  Inverting  (8)  to  express  the  value  of  the 
argument  of  the  function  FJis)  in  terms  of  C^(Ax,  to) 
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and  substituting  expression  (2)  for  the  parameter  E 
into  the  result  of  this  operation,  equations  of  the 
form 

Axfila/c)  +  2  &x,j  Sy,jth/c)  +  Ay}j{h/c)  -  i,j,  (17) 

/.y-t . «,  /-I . L 

where 

Up  -  tAxy(^f)  +  ^y„{g|c)V 

+  {F;  'P*-  ■r(/i)C^Ax„.  +  wf)  ‘  (18) 

can  be  generated.  Alternatively,  the  right-hand  side 
of  (16)  can  be  substituted  for  the  first  term  (within 
brackets)  in  (18).  Under  the  conditions  already  dis¬ 
cussed,  0*0  can  be  neglected  in  the  same  equation. 

All  the  available  equations  of  the  form  (17)  can 
similarly  be  collected  into  a  n,  x  3  system  of  linear 
equations  O,  •  Uj  «  T) ,  where  Uj  =>  (a,  h.  b)lc  and 
the  elements  in  the  matrix  Ojfn,  x  3)  and  Tj(nj  x  i) 
are  easily  identified  from  this  result. 

The  systems  of  linear  equations  obtained  in  this 
section,  both  of  the  form  D  •  U  =  T,  generally  are 
overdetermined.  In  fact,  for  statistical  reasons,  it  is 
highly  desirable  that  they  be  so.  Thus  they  should  be 
solved  by  the  least  squares  method.  Assuming  that 
the  observations  T  are  uncorrelaled,  the  following 
general  form  is  found  for  the  solutions  of  those  sys¬ 
tems  of  equations 

U-(O’^  D)-' •D'^  T  (t9) 

A  discussion  associated  with  this  last  assumption  can 
be  found  in  the  companion  paper  (CFB). 

Once  the  solutions  U]  and  Uj  arc  known,  the  drift 
velocity  and  the  anisotropy  of  the  ground  diffraction 
pattern  can  be  easily  calculated  [Kent  and  Koxter, 
1966]. 

The  above  algorithm  will  be  applied  to  a  relatively 
broad  frequency  band  (in  the  roll-off  part  of  the  spec¬ 
tra,  so  that  a>o  on  be  neglected).  In  this  case,  at  most 
one  value  of  axial  ratio  and  drift  velocity,  together 
with  their  respective  orientations,  will  be  obtained 
from  each  sample  of  data. 

The  same  frequency  band  will  also  be  subdivided 
and  the  algorithm  then  repeatedly  applied  to  each  of 
the  individual  narrow  bands.  As  a  result,  curves  dis¬ 
playing  the  frequency  variations  of  the  axial  ratio, 
drift  velocity  and  their  respective  orientations  will  be 
obtained  from  each  sample  of  data. 

It  is  important  to  note  here  some  advantages  of 
the  maximum  entropy  method  (MEM)  over  the 
FFT-periodogram  technique  for  the  estimation  of 


spectra  [Fougere,  1985]  which  are  very  important  for 
the  success  of  the  latter  application.  First,  MEM  pro¬ 
vides  smooth  spectra,  which  arc  free  from  the  arti¬ 
ficial  fluctuations  always  present  in  FFT- 
periodogram  spectra.  Further,  MEM  can  calculate 
power  spectral  densities  over  a  continuum  of  fre¬ 
quencies  in  the  band  of  interest,  instead  of  only  at  the 
harmonic  frequencies  of  the  inverse  of  the  duration  of 
the  available  time  series.  This  ensures  that  a  reason¬ 
ably  high  and  uniform  number  of  auto,  coherency 
and  phase  spectral  values  are  calculated  within  each 
of  the  narrow  frequency  bands.  See  also  the  dis¬ 
cussion  of  multichannel  MEM  and  the  associated 
references  in  CFB. 

Strictly  speaking,  the  latter  use  of  the  algorithm  is 
not  consistent  with  the  model  from  which  it  has  been 
derived.  As  one  recalls  from  the  previous  section  and 
CFB,  it  resulted  from  the  model's  assumptions  and 
its  derivation  that  the  coefficients  a,  b,  c,  /.  g  and  h 
should  remain  constant  within  the  short  time  interval 
into  which  the  total  record  is  partitioned  for  analysis. 
Ideally,  it  would  then  be  very  important  to  generalize 
the  previous  model  to  allow  for  possible  frequency 
variations  of  these  coefficients  in  a  consistent 
manner.  This  would  probably  include  the  difficult 
task  of  evaluating  the  eflects  offl)  allowing  A,  B  and 
C  in  (5)  to  become  dependent  on  the  scale  size  of  the 
irregularities  in  the  electron  density  of  the  iono¬ 
sphere,  (2)  introducing  regular  velocity  gradients 
along  the  ray  path  and  random  velocity  fluctuations 
in  the  ionosphere,  or  (3)  a  combination  of  both. 

On  the  other  hand,  a  decision  on  the  usefulness  of 
the  model  for  the  “space-frequency”  power  spectral 
density  represented  by  (6)-(9)  would  ultimately  be 
based  on  its  ability  to  reproduce  the  observations.  It 
is  seen  that  these  expressions  display  several  desir¬ 
able  features;  (I)  a  power  law  for  the  auto  spectrum; 

(2)  a  coherency  spectrum  which  decreases  with  both 
the  spacings  between  the  receivers  and  the  frequency; 

(3)  a  phase  spectrum  which  is  a  linear  function  of 
these  variables.  The  model  should  thus  provide  a 
good  fit  to  the  observations,  particularly  when  re¬ 
peatedly  applied  to  consecutively  adjacent  narrow 
frequency  bands,  with  the  coefficients  a,  h.  c,f.  g,  h 
and  /I  being  held  constant  only  within  each  of  them. 

It  seems  reasonable  to  expect  that,  in  the  limit  of 
small  frequency  variations  of  these  coelficients,  it 
would  still  be  possible  to  cast  the  “space-time”  corre¬ 
lation  function  associated  with  this  relaxed  version 
for  the  “space-frequency”  power  spectral  density  in  a 
very  close  format  to  that  shown  in  (I).  Consequently, 
it  would  also  be  possible  to  characterize  the  ani- 
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Fig.  3.  Axial  raliox  and  orienlalion  angles  of  the  major  axes  of  the  anisotropy  ellipses  of  the  dilFraction  pattern, 
obtained  by  the  spectral  (curves  SPC.  pluses)  and  the  correlation  (curves  MF,  triangles)  analyses.  Tromsa/Hilat 
spaced-receiver  intensity  data  recorded  on  December  II.  1983,  have  been  used.  The  spectral  analysis  has  been 
restricted  to  data  in  the  frequency  hand  1.5  Hz  <  v  <  Hz.  The  correlation  analysis  has  employed  the  modified 
Fedor  algorithm  [Fcifur.  1967;  CFB.  this  issue]. 


sotropy  and  the  drift  of  the  diffraction  pattern  as 
before.  In  this  regime,  it  is  then  expected  (hat  the 
second  way  of  applying  the  present  algorithm  to  the 
data  would  provide  reasonable  approximations  to 
actual  frequency  variations  of  the  axial  ratio  and 
drift  velocity  of  th»  ground  diffraction  pattern.  How¬ 
ever,  fast  frequency  variations  of  these  parameters, 
while  still  indicating  a  correct  qualitative  trend,  may 
not  display  numerically  accurate  results. 

4  RESULTS  OF  THE  SPECTRAL  ANALYSIS 

Signals  transmitted  at  413  MHz  by  the  polar- 
orbiting  Hilat  satellite  and  recorded  by  three  receiv¬ 
ers  at  Tromso.  Norway  (69.7  N.  I8.9"C).  will  be  cm-, 
ployed  in  the  comparison  between  results  of  the 
spaced-receiver  analysis  by  the  correlation  and  the 
spectral  techniques.  The  receiver  layout  on  (he 
ground  and  the  main  features  of  the  data  (recorded 
on  December  S,  1 1.  and  12.  1983)  have  already  been 
presented  by  CFB,  which  has  also  discussed  (he  re¬ 
sults  of  the  correlation  analysis  (axial  ratio  and 
orientation  of  the  major  axis  of  the  anisotropy  ellipse 
of  the  diffraction  pattern). 

The  spectral  analysis  was  performed  on  (he  same 
data  bloeks  that  were  used  in  the  correlation  analy¬ 


sis.  That  is,  in  the  spectral  analysis,  the  same  blocks 
with  10  s  of  dalu  (sampled  at  1 25  Hz,  thus  corre¬ 
sponding  to  1250  consecutive  observations  of  the 
signal  per  channel)  have  been  used.  Again,  consecu¬ 
tive  data  blocks  have  been  overlapped  by  5  s. 

Initially,  the  spectral  analysis  has  been  globally  ap¬ 
plied  to  the  frequency  hand  limited  by  1.5  Hz  and  7 
Hz.  This  frequency  band  is  contained  by  (he  roll-off 
part  of  the  spectra,  which  thus  simplifies  the  esti¬ 
mation  of  (hc^  desired  parameters,  and  also  avoids 
higher  frequencies,  where  (he  power  spectral  densities 
of  the  received  signals  arc  dominated  by  noise.  This 
frequency  band  has  been  divided  into  l(X)  constant 
and  adjacent  intervals.  Next,  (he  auto-  and  cross 
spectra  have  been  calculated  at  each  of  the  fre¬ 
quencies  so  defined  by  the  maximum  entropy  method 
(MEM).  The  algorithm  in  the  previous  section  has 
(hen  been  applied  to  these  results  as  indicated. 

The  axial  ratios  and  orientations  of  the  major  axes 
of  the  anisotropy  ellipses  resulting  from  the  spectral 
analysis  of  the  intensity  spaced-receiver  data  of  De¬ 
cember  5  and  II.  1983,  are  respectively  shown  in 
Figures  2  and  3  (curves  SPC.  labeled  with  pluses). 
The  angles  in  (he  lower  panels  are  measured  with 
respect  to  (he  local  corrected  geomagnetic  northward 
direction,  being  positive  in  the  NE  quadrant.  Oc- 
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casionally  observed  large  jumps  in  the  angles  are  ar¬ 
tificially  caused  by  the  existing  180°  ambiguity  in  the 
orientation  of  the  major  axis  of  the  ellipse.  The  re¬ 
sults  from  the  spectral  technique  will  be  compared 
with  those  yielded  by  the  correlation  analysis.  With 
this  purpose,  calculations  using  the  modified  Fedor 
algorithm,  already  presented  in  CFB,  are  also  repro¬ 
duced  in  Figures  2  and  3  (curves  MF.  labeled  with 
triangles). 

A  good  general  agreement  is  observed  between  the 
results  provided  by  the  two  techniques.  This  agree¬ 
ment  is  particularly  good  between  the  orientations  of 
the  major  axes  and  between  the  axial  ratios  obtained 
in  the  central  parts  of  the  two  passes,  where  the  ele¬ 
vations  of  the  ray  paths  are  relatively  higher.  Data 
with  superior  quality  are  obtained  in  this  region,  due 
to  the  higher  average  received  signal  levels  and  the 
smaller  chance  of  occurrence  of  multipath.  These  ex¬ 
amples  can  thus  be  accepted  as  an  indication  that  the 
spectral  analysis  and  the  well-established  correlation 
analysis  are  generally  equivalent. 

There  is,  however,  one  difiTerence  between  the  re¬ 
sults  by  the  two  techniques  which  seems  to  be  signifi¬ 
cant.  That  observed  around  the  geometrical  enhance¬ 
ment  region  (2333;  IS  UT)  on  December  S,  1983, 
where  the  axial  ratios  obtained  by  the  spectral  analy¬ 
sis  are,  on  the  average.  3SV«  larger  than  those  calcu¬ 
lated  by  the  correlation  analysis.  This  observation 
supports  the  main  conclusion  of  the  discussion  in 
CFG  on  the  relationship  between  the  results  of  the 
spaced-receiver  analysis  and  the  antenna  spacing. 
Indeed,  the  spectral  analysis  has  been  applied  to  a 
narrower  frequency  band  than  that  of  the  correlation 
analysis  (which  uses  the  total  available  frequency 
band).  This  narrower  frequency  band  also  is  better 
matched  with  the  "idear  frequency  band  for  the 
spaced-receiver  measurements  observed  in  Figure 
136  of  that  paper.  According  to  the  associated  dis¬ 
cussion,  this  condition  tends  to  provide  more  reliable 
(and  greater,  since  the  in  situ  irregularities  are  highly 
field  aligned)  values  of  the  axial  ratio. 

It  should  also  be  remembered  that  the  present  ver¬ 
sion  of  the  spectral  analysis  of  spaced-receiver  data 
assumes  a  special  functional  form  to  characterize  the 
power  spectral  density  Q^K,  m)  of  the  in  situ  irregu¬ 
larities.  On  the  other  hand,  the  correlation  analysis  is 
comi^ely  general  in  this  respect.  Although  the  se¬ 
lected  form  for  (?«(K,  w)  is  in  good  agreement  with 
experimental  data,  this  assumption  may  in  principle 
also  be  partially  responsible  for  dMTerenoes  in  the  re¬ 
sults  between  the  two  techniques. 


The  spectral  analysis  has  also  been  repeatedly  ap¬ 
plied  to  very  narrow  and  adjacent  frequency  bands. 
One  example  of  frequency  variations  of  the  axial 
ratio  and  the  orientation  of  the  major  axis  of  the 
anisotropy  ellipse  resulting  from  this  analysis  will  be 
presented  with  the  help  of  spaced-receiver  phase  data 
recorded  during  the  selected  Hilat  orbit  over  Tromso 
on  December  12,  1983.  Similarly,  consecutive  Modes 
with  10  s  of  data  (overlapped  by  5  s),  sampled  at  12S 
Hz  (thus  corresponding  to  1250  observations  of  the 
phase  signal  per  channel)  have  been  used  to  calculate 
the  MEM  auto-  and  cross  spectra  at  ITS  frequencies 
(cquispaced  in  their  logarithms)  in  the  frequency 
band  limited  by  0.72  Hz  and  3  Hz.  This  frequency 
band  has  then  been  divided  into  seven  narrower 
ones,  all  containing  a  common  number  (25)  of  those 
frequencies.  The  spectral  analysis  algorithm  has  then 
been  repeatedly  applied  to  each  of  the  narrow  bands 
to  estimate  the  axial  ratio  and  the  orientation  corre¬ 
sponding  to  its  central  frequency.  As  a  result,  two 
curves  showing  respectively  the  frequency  depen¬ 
dence  (between  approximately  0.8  Hz  and  2.7  Hz)  of 
these  parameters  have  been  obtained  from  each 
block  of  data. 

The  results  corresponding  to  7  min  of  data  ob¬ 
tained  during  the  central  part  of  that  orbit  over 
Tromso  (between  approximately  00I8:(X)  UT  and 
0025:00  UT)  are  displayed  in  Figures  4  and  5.  In 
both,  time  increases  downward,  in  steps  of  5  s  be¬ 
tween  adjacent  curves.  Each  figure  thus  shows  a  total 
of  85  curves.  Frequency  increases  toward  the  right,  in 
the  manner  explained  above.  The  curves  displaying 
the  frequency  variation  of  the  orientation  of  the 
major  axis  have  been  unwrapped  by  appropriately 
adding  integer  multiples  of  360°  to  the  minimum  de¬ 
termination  of  the  angles,  to  avoid  both  negative 
values  and  jumps  caused  by  the  180°  ambiguity  in 
this  parameter. 

It  is  observed  that  the  time  history  of  the  axial 
ratio  obtained  by  the  present  technique  at  the  lower 
frequency  (shaded  curve  at  /  ’^  0.8  Hz  seen  in  Figure 
4)  follows  very  closely  that  resulting  from  the  corre¬ 
lation  analysis,  whch  can  be  seen  in  Figure  10  of 
CFB.  In  particular,  the  geometric  enhancement  of 
the  axial  ratio  caused  by  the  presence  of  sheetlike 
irregularities  is  observed  around  0018:45  UT.  A 
steady  increase  in  the  axial  ratio  due  to  the  transition 
mentioned  in  CFB  from  sheetlike  to  rodlike  struc¬ 
tures  also  is  observed  after  approximately  0022:00 
UT.  Figure  4  clearly  displays  smooth  frequency  vari¬ 
ations  of  the  axial  ratio  for  most  of  the  tO-s  batches 
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TR0MS0  HURT  PHRSE  RXL  RRTI0  DEC  12  1983 


Fig.  4.  Frequency  dependence  uf  the  atial  ratio  of  the  diffraction  pattern  anisotropy  ellipse,  obtained  by 
repeatedly  applying  the  spectral  spaced-receiver  algorithm  to  narrow  and  adjacent  frequency  bands.  A  total  of  8S 
axial  ratio  frequency  curves,  each  obtained  from  a  block  with  10  s  of  Tromse/Hilat  spaced-receiver  phase  data 
recorded  on  Dec.  12.  l4R.f.  are  shown.  Consecutive  data  blocks  have  been  overlapped  by  S  s.  Points  along  the 
frequency  axis  are  equally  spaced  in  the  logarithm  of  the  frequency;  0.8  and  2.7  are  the  true  end  frequencies  in 
herty. 


of  data.  On  the  other  hand,  in  Figure  S  the  orienta¬ 
tion  of  the  major -axis  of  the  anisotropy  ellipse  re¬ 
mains  relatively  independent  of  the  frequency.  These 
results  are  analogous  to  the  observations  by  Briggs 
and  Colley  [1968],  who  have  also  shown  smooth  fre¬ 
quency  variations  in  the  amplitude  of  the  apparent 
velocity  ,  white  no  appreciable  change  in  its  direc¬ 
tion  has  been  simultaneously  detected. 

5.  CONCLUSION 

Through  a  one-dimensional  Fourier  transform,  the 
“space-frequency"  phase  spectra  of  (ransionospheric 
signals  received  on  the  ground  have  been  obtained 
from  the  basic  expression  for  their  “space-time"  cor¬ 
relation  function.  This  simple  exercise  has  made  it 
possible  to  interpret  the  apparent  velocity  calculated 
by  the  dispersion  analysis  in  terms  of  the  fundamen¬ 
tal  parameters  of  the  cross-correlation  analysis, 
characterized  in  (I).  This  result  has  been  established 
without  any  additional  restrictions  or  assumptions. 


In  particular,  ii  is  totally  independent  of  the  assump¬ 
tion  of  sinusoidal  waves  passing  over  the  receivers 
IHriggs.  19686],  whose  validity  is  difficult  to  assess  in 
practice. 

By  assuming  a  realistic  (power  law)  functional 
form  for  the  “wave  number-frequency”  power  spec¬ 
tral  density  of  the  F  region  irregularities,  the  “spaee- 
frequency"  auto-  and  coherency  spectra  have  also 
been  expressed  in  terms  of  the  same  coeflicients  of  (1). 
It  has  then  been  possible  to  design  an  algorithm  to 
estimate  the  anisotropy  and  the  true  drift  velocity  of 
the  ground  dilTraction  pattern,  both  characterized  ex¬ 
actly  as  in  the  cross-correlation  analysis  [Kent  and 
KosU'r.  1966].  directly  from  the  calculated  spectra. 
This  result  is  a  generalization  of  the  dispersion  analy¬ 
sis. 

The  algorithm  has  been  applied  to  Tromso/Hilat 
spaced-receiver  data  in  two  slightly  different  modes. 
In  the  first,  it  has  been  globally  applied  on  a  rela¬ 
tively  broad  frequency  band  in  the  roll-off  part  of  the 
spectra.  A  good  agreement  has  generally  been  found 
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Fig.  S.  Frequency  dependence  nr  (he  orienlalion  angle  of  Ihe  major  axis  of  the  dilTractton  pattern  anisotropy 
ellipse,  obtained  by  repeatedly  applying  the  spectral  spaoed-receiver  algorithm  to  narrow  and  adjacent  frequency 
bands.  A  total  of  85  orientation  angles  versus  frequency  curves,  each  obtained  from  a  block  with  I0_s  of 
Tromso/Hilal  spaced-receiver  phase  data  recorded  on  Dec.  12.  198.3.  are  shown.  Consecutive  data  blocks  have  been 
overlapped  by  5  s.  Points  along  llio  frequency  axis  are  equally  spaced  in  the  logarithm  of  the  frequency;  0.8  and  2.7 
are  the  true  end  frequencies  in  herir 


between  results  from  this  technique  and  those  ob¬ 
tained  by  the  correlation  analysis  of  the  same  data.  A 
significant  dilTerence  between  the  a.xial  ratios  calcu¬ 
lated  by  Ihe  two  techniques  has  also  been  observed 
in  Ihe  region  of  local  L  shell  alignment  during  the 
orbit  on  December  5.  198.3.  The  assumption  of  a  spe¬ 
cial  functional  form  for  m)  in  the  development 

of  the  cross-spectral  analysis,  white  no  equivalent  re¬ 
striction  is  imposed  on  Ihe  cross-correlation  analysis, 
could  be  partially  responsible  for  this  observation.  A 
more  likely  explanation  for  this  dincrciicc.  however, 
could  be  the  fact  that  the  correlation  analysis  is  ap¬ 
plied  on  the  total  frequency  band  of  the  received 
signals,  while  the  spectral  analysis  is  applied  on  a 
frequency  band  which  is  not  only  limited  but  also 
belter  matched  to  the  “ideal"  frequency  band  for  the 
spaced-receiver  measurements  defined  in  CFB.  As  ex¬ 
plained  in  this  reference.  Ihe  latter  situation  lends  to 
favor  higher  axial  ratios  such  as  those  obtained  by 
spectral  analysis  in  this  particular  example. 


In  the  second  mode.  Ihe  algorithm  has  been  re¬ 
peatedly  applied  on  very  narrow  and  adjacent  fre¬ 
quency  bands,  to  delect  possible  frequency  variations 
of  the  anisotropy  of  the  ground  diffraction  pattern. 
Again.  Tromso/Hilat  data  have  been  used  in  the 
analysis.  Smooth  variations  of  the  axial  ratio  with 
the  frequency  have  been  observed,  while  the  orienta¬ 
tion  of  the  major  axis  of  Ihe  anisotropy  ellipse  has 
not  experienced  any  appreciable  change  with  this 
variable.  This  result  is  analogous  to  Ihe  observations 
by  Brififis  tiiul  Gollcy  [1968].  which  display  frequency 
variations  in  the  amplitude  of  the  apparent  velocity, 
but  not  in  its  direction.  Without  entirely  ruling  out  a 
dispersive  motion  of  the  ionosphere,  they  credited 
these  variations  to  regular  lor  random)  velocity 
changes  along  the  ray  path.  ItVriu'fc  et  <il.  [1983].  by 
mathematically  modeling  the  cITccts  of  these  changes, 
have  confirmed  this  explanation. 

It  should  be  Tcmcmbcrcd  that  the  model  for  the 
"space-time"  correlation  function  of  the  received  sig- 
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nals  represented  by  (I)  assumes  constant  coeflicients 
for  each  batch  of  data  selected  for  analysis.  Conse¬ 
quently,  a  good  agreement  between  the  data  and  the 
model  would  be  automatically  translated  into  negli¬ 
gible  frequency  variation  of  these  parameters.  It  is 
concluded  from  Figure  4  that  the  observed  frequency 
variations  of  the  axial  ratio  do  not  confirm  the  basic 
hypotheses  of  the  model  (for  instance,  the  assumption 
of  constant  coeHicients).  Thus  although  this  model 
has  been  very  useful  in  the  investigation  of  primary 
features  of  the  ground  diffraction  pattern  (such  as  its 
ani.sotropy  and  drift  velocity),  it  would  have  to  be 
refined  to  consider  secondary  but  also  important  fea¬ 
tures  (such  as  the  frequency  variations  of  its  derived 
parameters)  in  a  more  consistent  fashion. 
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An  extensive  VIIF/UKF  scintillation  data  base  covering  the  Frequency  range  of  VHF  to  a  Few 
gigahertz  has  been  utilized  to  determine  the  magnitudes  of  phase  and  intensity  scintillations  and  their 
temporal, 'spatial  structures  during  the  sunspot  maximum  and  minimum  periods.  The  equatorial  por¬ 
tion  of  the  study  has  been  based  on  geostationary  satellite  observations  at  Huancayo,  a  station  on  the 
magnetic  equator,  and  at  Ascension  Island,  which  is  an  equatorial  anomaly  station  having  an  ex¬ 
tremely  disturbed  irregularity  environment.  The  high-latitude  part  of  the  study  is  based  on  quasi¬ 
stationary  satellite  measurements  at  a  polar  cap  location  (Thule)  and  (wo  auroral  locations  (Goose  Bay 
and  Tronispl.  The  Tromsp  observations  are  augmented  with  the  Defense  Nuclear  Agency  HiLat 
satellite  beacon  measurements  during  (he  solar  minimum  period.  The  data  indicate  a  strong  solar  cycle 
control  of  scintillation  activity  at  all  locations,  resulting  in  a  drastic  reduction  of  the  magnitudes  and 
occurrence  of  scintillations  during  the  current  solar  minimum  period.  This  pattern  is  consistent  with 
both  a  reduction  of  F  region  ionization  density  and  a  reduction  of  irregularity  generation  in  the  solar 
minimum  peri<Kl.  At  the  magnetic  equator  (he  magnitude  of  scintillations  at  l.$  GHz  seldom  exceeds  3 
dB  with  the  percentage  occurrence  >  2  dB  varying  from  70%  during  high  sunspot  conditions  to  30% 
during  low  sunspot  conditions.  At  (he  crest  of  the  equatorial  anomaly,  on  the  other  hand,  during  the 
solar  maximum  in  1979.  fades  of  20  dB  at  1.5  GHz  are  observed  30"'.  of  the  time  At  a  decreased  level 
of  solar  activity  in  1982.  a  similar  occurrence  level  is  obtained  at  1.5  GHz  for  fade  levels  of  only  5  dB. 
During  (he  sstlar  minimum  period.  I.S-GHz  scintillations  are  virtually  absent.  Phase  scintillation 
measurements  made  at  Ascension  Island  indicate  (hat  the  median  value  of  rms  phase  deviation  is  about 
5  rad  (pr  detrend  intervals  of  100  s.  In  the  auroral  region,  during  the  solar  maximum  period  under 
magnetically  disturbed  conditions,  the  median  values  of  scintillation  fades  and  rms  phase  deviation 
(82-$  detrend!  at  250  MHz  are  observed  to  be  15  dB  and  3  rad.  respectively.  At  Thule,  located  deep 
within  the  polar  cap.  the  median  values  of  scintillation  fades  and  rms  phase  deviation  at  250  MHz 
attain  values  as  targe  as  20  dB  and  4  rad  during  the  sunspot  maximum  period.  Unlike  Ascension  Island 
the  scintillation  activity  at  high-latitude  stations  exhibits  a  threshold  eflect  and  docs  not  decrease  until 
1983.  However,  in  1986  with  sunspot  numbers  in  the  vicinity  of  10,  fade  levels  as  low  as  S  dB  at  250 
MHz  arc  recorded  in  (he  polar  cap  and  auroral  stations  only  S"/~  of  the  time.  It  is  noted  (hat  at  auroral 
liKatioiij  (he  most  prominent  Feature,  namely  (he  existence  of  magnetic  L  shell-aligned  irregularity 
sheets,  is  equally  evident  at  both  sunspot  maximum  and  minimum. 


INTRODUCTION 

Satellile  communiculion  links  in  Ihc  VHF/UHF 
range  can  suffer  severe  scinlillalton  effects  in  ampli¬ 
tude  and  phase  due  to  the  presence  of  irregularities  in 
electron  density  in  the  F  region  of  the  ionosphere. 
The  magnitude  of  random  phase  perturbations  im- 
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posed  on  a  transionosphcric  communication  link  de¬ 
pends  on  the  integrated  electron  density  deviation. 
(AN  dt,  along  the  ray  path.  It  may  be  shown  that  this 
parameter  is  controlled  by  the  irregularity  amplitude 
(AN/NI  and  the  background  electron  density.  N,  and 
its  distribution  in  the  ionosphere.  Satellite  in  situ 
measurements  have  shown  that  while  the  irregularity 
amplitude  remains  fairly  constant  the  background 
density  in  some  regions  of  the  globe  undergoes  a 
drastic  vaiialion  with  (he  sunspot  cycle.  This  in  turn 
has  a  profound  effect  on  the  magnitude  of  intensity 
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Fig.  I.  Variation  of  monthly  mean  sunspot  number  between  1979  and  1986. 


and  phase  scintillations  as  a  function  of  the  sunspot 
cycle  at  any  point  on  the  globe.  Furthermore,  the 
occurrence  of  irregularities  may  be  reduced  with  de¬ 
creasing  solar  activity,  for  instance,  as  a  result  of  the 
decreased  height  of  the  F  region,  and,  as  such,  the 
percent  occurrence  of  scintillations  may  decrease 
with  decreasing  solar  activity.  The  object  of  this 
paper  is  to  describe  the  observed  variation  of  scintil¬ 
lations  as  a  function  of  sunspot  cycle  within  the 
major  scintillation-producing  regions  of  the  globe 
using  the  extensive  archive  of  such  data  at  the  Air 
Force  Geophysics  Laboratory  (AFOL). 

RESULTS 

We  shall  present  phase  and  amplitude  scintillation 
data  from  the  solar  maximum  to  minimum  period 
(1979-1986)  observed  from  Huancayo,  a  station  on 
the  magnetic  equator,  from  Ascension  Island,  an 
equatorial  anomaly  station,  from  Goose  Bay  and 
Troms().  both  auroral  locations,  and  from  Thule  situ¬ 
ated  deep  within  the  polar  cap.  Figure  I  shows  the 
nature  of  variation  of  the  sunspot  number  between 
1979  and  1986  with  the  maximum  value  being  190  in 
August  1979  and  the  minimum  about  2  in  June  1986. 
Table  I  lists  positions  of  stations  and  ionospheric 
intersection  latitudes  (in  corrected  geomagnetic  (CG) 
system)  of  the  measurements  at  each  station. 

Huancayo 

The  occurrence  statistics  of  I37-MH2  scintillations 
as  a  function  of  solar  cycle  at  Huancayo  were  pre¬ 
sented  by  Aarons  ti977].  The  occurrence  shows  a 
diffuse  maximum  from  October  through  March  with 


only  a  slight  decrease  seen  in  December.  Scintil¬ 
lations  were  practically  nonexistent  during  the  June 
solstice  for  quiet  magnetic  activity.  The  occurrence 
did  not  vary  significantly  as  a  function  of  solar  cycle, 
the  maximum  equinoctial  occurrence  being  reduced 
to  60%  occurrence  greater  than  6  dB  in  comparison 
to  80%  during  sunspot  maximum.  It  was  felt  that 
because  of  saturation  effect  at  137  MHz.  a  similar 
study  was  necessary  at  a  higher  frequency.  Su.  Basu 
el  al.  (1980]  presented  the  occurrence  statistics  of 
1.5-GHz  scintillations  observed  at  Huancayo  during 
the  sunspot  minimum  period  of  1976-1977.  The  sea¬ 
sonal  pattern  showed  clear  equinoctial  peaks  with 
.30%  occurrence  of  scintillations  greater  than  2  dB 
observed  during  March  and  October.  Figure  2  shows 
the  corresponding  scintillation  statistics  for  the  high- 
sunspot  period  of  1979-1980.  Only  the  occurrence  of 
scintillations  during  the  vernal  equinox  was  found  to 
increase  (from  30  to  60%)  in  comparison  to  the  low- 
sunspot  case.  It  is  important  to  note  that  the  mag¬ 
nitude  of  scintillations  was  not  found  to  vary  signifi¬ 
cantly  as  a  function  of  sunspot  cycle  at  the  magnetic 

TABLE  t.  Station  Locations  and  Ionospheric  Inierseclion 
Latitudes 


Geographic  Location 

-  350-ktn  Intersection 

Station  Latitude  Longitude  CG  Latitude 


Huancayo 

120  S 

75  W 

O' 

Ascension  Island 

7  4  S 

14  4  W 

17'  $  dip  latitude 

Ooosw  Bay 

53.3  N 

60  3  W 

64"-69'’ 

Tromso 

69  7  N 

t89  E 

66° -69' 

Thule 

76.5  N 

68  7  W 

84" -89° 
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period  of  July  1979  through  June  1980  for  Kp  <  3. 


equator.  This  is  quite  contrary  to  scintillation  behav¬ 
ior  observed  at  the  equatorial  anomaly  location  to  be 
discussed  in  the  next  section. 

Ascension  hUind 

It  has  been  shown  recently  that  some  of  the  largest 
propagation  disturbances  are  observed  at  this  lo¬ 
cation  during  sunspot  maximum  years  [Aarons  et  al., 
1981a;  Mullen  et  al.,  1985;  S.  Basu  ct  al.,  1987a].  At 
Ascension  Island,  continuous  amplitude  scintillation 
observations  have  been  performed  by  the  use  of  257- 
MHx  and  1.5-GHz  transmissions  from  the  Marisat 
satellite  and  244-MHz  signal  from  the  Fleetsatcom 
satellite.  Figure  3a  shows  an  occurrence  diagram  of 
I.5-CH7.  scintillations  in  the  premidnight  period 
(2000-2400  LT)  for  the  years  1980-1986.  While  fades 
as  deep  as  20  dB  at  1.5  GHz  are  observed  30%  of  the 
time  in  March  1980,  fades  of  only  lO-dB  magnitude 
arc  observed  not  more  than  10%  of  the  time  in  Oc¬ 
tober  1983.  At  the  lowest  level  of  the  sunspot  cycle  in 
1985-1986,  there  is  virtually  no  occurrence  of  1.5- 
GHz  scintillation.  To  show  that  even  under  sunspot 
maximum  conditions,  gigahertz  scintillation  is  a 
serious  problem  only  in  the  premidnight  hours,  we 
present  in  Figure  3h  the  corresponding  statistics  at 


Ascension  Island  for  the  postmidnight  period  ((XXX)- 
0400  LT).  It  should  also  be  noted  that  gigahertz  scin¬ 
tillations  are  generally  not  observed  at  .\scension 
Island  in  the  May  through  August  period  even  under 
sunspot  maximum  conditions. 

In  general,  all  equatorial  stations  observe  high 
scintillation  activity  during  the  equinoxes,  but  sta¬ 
tions  in  the  American  and  African  sectors  record 
minimum  activity  during  the  June  solstice,  and  those 
in  the  Pacific  sector  observe  a  minimum  during  the 
December  solstice  [Aarons  et  al.,  1980].  Attempts 
have  been  made  to  explain  this  scasonal-cum- 
longitudinal  pattern  of  equatorial  irregularities  in 
terms  of  transequatorial  neutral  wind  flows  [Maru- 
yanta  and  Matuura,  1984]  and  Pedersen  conductivity 
gradients  across  magnetic  flux  tubes  [Tsiaioda. 
1985].  In  this  paper,  however,  we  shall  confine  our 
attention  to  the  solar  cycle  variation  of  scintillations. 

In  addition  to  performing  multifrequency  ampli¬ 
tude  scintillation  measurements,  a  computer- 
controlled  phase-locked  receiver  (designed  by  M.  D. 
Cousins  of  SRI  International)  was  used  to  measure 
phase  and  amplitude  scintillations  of  244-MHz  trans¬ 
missions  of  the  Fleetsatcom  satellite  over  a  limited 
period.  The  phase  scintillation  statistics  at  244  MHz. 
expressed  in  terms  of  rnfs  phase  deviation  (o^). 
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ASCENSION  ISLAND  JAN-FEB  1981  ALL  K 
FLT  (244MHr) 


Fig  4a.  The  median  (SO(h  percenlile)  and  90th  percentile  values  of  phase  and  intensity  scintillations  at  244  MHz 
in  terms  of  four  2-hour  blocks  of  local  time  (LT3  during  lanuary-February  1981  at  Ascension  Island. 


during  the  sunspot  maximum  period  of  January- 
February  ’  1981  are  reproduced  from  S.  Basu  ei  al. 
[I987fl]  in  Figure  4<i.  In  the  2000-2200  LT  period 
the  median  value  of  is  shown  as  5  rad  (for  lOO-s 
detrend  interval),  and  the  corresponding  upper  decile 
is  obtained  as  16  rad.  The  intensity  scintillation  index 
S4 ,  defined  as  the  square  root  of  the  normalized  vari¬ 
ance  of  intensity,  is  also  shown  in  the  figure.  The 
median  value  of  is  about  0.4.  In  view  of  the  satu¬ 
ration  of  the  receiver  encountered  at  S4  0.7,  the 
median  S4  is  likely  to  be  an  underestimate  of  the 
actual  level  of  activity.  No  phase  scintillation 
measurements  are  available  for  sunspot  minimum 
conditions. 

The  other  parameters  that  characterize  the  struc¬ 
ture  of  scintillations,  namely,  the  decorrelation  time 
and  phase  spectral  strength,  were  studied  for  this  ob¬ 
serving  station  as  well.  The  decorrelation  time  has 
been  defined  as  the  time  interval  that  corresponds  to 
the  reduction  of  the  autocorrelation  coefficient  of 
normalized  intensity  to  O.S,  and  the  phase  spectral 
strength  7^  corresponds  to  the  power  spectral  density 
of  phase  scintillation  spectrum  at  I  Hz.  For  intense 
scintillation  events  at  244  MHz  (S4  >  0.6),  Figures 
4ft,  4r,  and  4<f  show,  respectively,  the  variation  of 


decorrelation  time  with  phase  spectral  strength  and 
the  percent  occurrence  of  each  of  these  parameters 
within  the  period  2000-0200  LT  in  January- 
February  1981.  Figure  4ft  shows  that  the  decorrela- 


ASCENSION  ISLAND 
JAN-FEB  l»«l  S4>  6 
ZO-OZLT 


Fig  4h.  Virialion  of  decorreltlion  lime  with  phase  spectral 
tirengih  al  244  MHz  for  intense  scinlitlalion  events  (S4  >  0.6)  be¬ 
tween  2000  and  0200  LT  during  January-February  I98t  al  Ascen¬ 
sion  tsiand. 
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ASCENSION  ISLAND  JAN -FCa  1901  S4>.S 


Fig  4c.  Distribution  of  decorrelation  times  for  the  data  set  shown  in  Figure  4ft. 


lion  time  decreases  in  a  well-ordered  manner  with 
increasing  phase  spectral  strength.  This  behavior  is 
predicted  from  strong  scattering  theory  and  was 
demonstrated  earlier  by  Rino  and  Owen  [1980].  Fig¬ 


ures  4c  and  4d  indicate  that  for  this  strong  scatter 
population  (S^  >  0.6)  the  most  probable  value  of 
phase  spectral  strength  is  —  6  dB  and  the  decorrela¬ 
tion  time  is  about  0.1  s.  Since  the  irregularity  drift 


ASCENSION  tSLANO  JAN-FEBI98I  S^>.6 


PHASE  SPECTRAL  STRENOTH  (dS) 

Fig.  4d.  Distribution  of  phase  spectral  strengths  for  the  data  set  shown  in  Figure  Aft. 
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Fig.  Sh.  Inieniiiy  tehtllhtions  al  ISO  MHi  obierved  *1  Tromsfi  for  Kp  <  3.3  under  low-tunspol  conditions 

between  l9S4and  I9t6. 


speed  at  equatorial  locations  in  the  postsunset  period 
ranges  between  100  and  200  ms'*,  the  above  decor¬ 
relation  time  corresponds  to  spatial  correlation 
length  of  only  10-20  m. 

The  effects  of  strong  scattering  resulting  in  de¬ 
creased  spatial  correlation  lengths  are  not  confined 
to  the  VHF  (250  MHz)  band  but  extend  to  the  L 
band  as  well.  At  Ascension  Island,  where  the  1.54- 
GHz  transmissions  from  the  Marisat  satellite  often 
suffer  strong  scattering,  decorrelation  times  as  small 
as  0.4  s  are  obtained  in  the  postsunset  period  under 
sunspot  maximum  conditions  [5u.  Basu  er  al.,  1983]. 
For  typical  irregularity  drift  speeds  in  the  range  of 
100-200  m/s,  the  spatial  correlation  lengths  at  1.54 
GHz  may  thus  be  reduced  to  values  as  small  as 
40-80  m.  This  is  an  order  of  magnitude  smaller  than 
the  I  km  effective  aperture  length  of  typical  L  band 
synthetic  aperture  radar  (SAR)  systems.  Thus  this 
will  adversely  affect  the  resolution  of  the  radar 
system.  The  above  result  assumes  that  the  altitude  of 
the  SAR  system  is  at  least  800  km  so  that  the  bulk  of 
the  F  region  ionizMtion  lies  below  the  radar  and 
thereby  can  degrade  the  system  performance. 


Goose  Bay  and  Tromsd 

We  next  consider  scintillation  statistics  in  the  au¬ 
roral  oval.  Measurements  were  available  using  sev¬ 
eral  polar  beacon  satellites  at  250  MHz  from  Goose 
Bay  in  the  North  Atlantic  sector  for  sunspot  maxi¬ 
mum  conditions,  while  data  were  available  from 
Tromsd  in  the  Scandinavian  sector  for  sunspot  mini¬ 
mum  conditions.  The  range  of  latitude  covered  for 
both  stations  is  given  in  Table  I.  We  note  that  both 
are  auroral  locations  only  for  nighttime  hours  be¬ 
tween  2200  and  0400  MLT  IMacKenzie  ei  al.,  1987] 
with  the  higher  intersection  latitudes  providing 
higher  probability  of  scintillations  during  magneti¬ 
cally  quiet  conditions  {Kp  <  3.3).  The  polar  beacon 
satellites  used  for  these  measurements  also  do  not 
provide  uniform  local  time  ^overage.  In  addition,  dif¬ 
ferent  latitude  ranges  were  explored  at  different  times 
of  the  year.  Thus  time  periods  for  which  the  higher 
intersection  latitudes  were  sensed  around  midnight 
would  be  favored  for  higher  scintillation  occurrence. 
Unfortunately,  there  is  no  easy  way  of  separating 
these  different  variables.  The  occurrence  statistics 
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Fig.  Sr.  Same  as  Figure  5a  except  for  Kp  >  3.3. 
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Fig.  SJ.  S»me  as  Figure  Sh  except  for  Kp  >  3.3. 


should  be  viewed  within  the  Tramework  of  these  con¬ 
straints. 

Figures  5a  and  Sh  illustrate  the  drastic  variation  of 
intensity  scintillations  at  250  MHz  with  sunspot 
cycle  under  magnetically  quiet  conditions  {Kp  <  3.3). 
As  mentioned  earlier,  the  apparent  seasonal  modula¬ 
tion  seen  in  the  Goose  Bay  data  is  probably  related 
to  the  latitude  variation  of  the  ionospheric  intersec¬ 
tion  regions  in  the  June  solstice  in  comparison  to 
other  seasons.  The  Tromsd  data  show  extremely  low 
occurrence.  The  corresponding  occurrence  character¬ 
istics  for  high  magnetic  activity  are  shown  in  Figures 
Sc  and  Si.  Magnetic  activity  increases  scintillation 
occurrence  and  magnitude  during  both  solar  maxi¬ 
mum  and  minimum  periods.  Further,  the  reduction 
in  the  apparent  seasonal  modulation  of  scintillations 
at  Goose  Bay  with  increasing  magnetic  activity  sup¬ 
ports  the  effect  of  varying  intersection  latitude  men¬ 
tioned  earlier:  It  is  well  known  that  the  scintillation 
boundary  moves  equatorward  during  magnetic  dis¬ 
turbances  [Su.  Basu  and  Aarons,  1980]. 

One  of  the  most  prominent  features  of  auroral 
scintillations  is  the  existence  of  magnetic  L  shell- 
aligned  irregularity  sheets  which  gives  rise  to  en¬ 
hanced  phase  scintillations  when  the  ray  path  to  a 


satellite  becomes  aligned  with  the  local  L  shell  [Fre- 
mowH-  el  al.,  1977:  Rino  el  al.,  1978].  In  Figures  6a 
and  6h  wc  show  that  the  same  type  of  irregularity 
anisotropy  (namely,  sheetlike)  is  present  during  both 
sunspot  maximum  and  minimum  conditions.  Wide¬ 
band  satellite  data  at  137  MHz  obtained  at  Goose 
Bay  in  1979  are  used  for  Figure  6a  [5u.  Basu  el  al., 
1981].  and  the  geometrical  enhancement  is  observed 
in  the  63'’-64  invariant  latitude  bin.  while  similar 
data  using  the  HiLat  satellite  at  Tromsd  are  used  for 
Figure  6h  [S.  Basu  el  al..  l987/»]  and  show  an  en¬ 
hancement  in  the  65  -67  N  invariant  latitude  bin.  It 
should  be  noted  that  the  higher  magnitudes  of 
observed  in  the  HiLat  data  result  from  the  use  of 
.30-s  detrend  Intervals  in  comparison  to  lO-s  used  for 
Wideband  data  analysis.  Since  both  satellite  scan  ve¬ 
locities  arc  approximately  3  km  s’’,  these  detrend 
periods  allow  phase  scintillation  computations  to  be 
made  over  90  km  of  orbital  path  for  HiLat  and  only 
over  30  km  for  Wideband. 

Thule 

The  occurrence  of  different  levels  of  intensity  scin¬ 
tillation  fades  at  250  MHz  is  shown  for  the  period 
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GOOSE  BAY  WIDEBAND  IS8  MHi 


Kp<S.S  DAY<I20 

NIGHTTIME  (27-91  PTS/DEG.LAT.) 


Fig.  ta.  Latitude  variation  of  scintillationi  at  138  MHz  observed  at  Goose  Bay  during  the  vernal  equinos  of 
1979  using  the  Wideband  satellite.  Note  nighttime  scintillation  enhancement  in  the  63°-64°  invariant  latitude  bin 
caused  by  sheetlike  irregularity  anisotropy  in  the  nighttime  auroral  oval. 


1979-1986  in  (he  bottom  panel  of  Figure  7.  Because 
of  lack  of  strong  diurnal  variation,  all  24  hours  of 
observations  are  included.  The  drastic  variation  of 
occurrence  and  magnitude  of  scintillations  with  sun¬ 
spot  number,  shown  in  the  top  panel,  is  evident.  It  is 
noted  that  intensity  fades  of  20  dB  occur  ^50%  of 
the  time  under  solar  maximum  conditions  in  1979 
and  fades  as  low  as  S  dB  occur  less  than  S%  of  the 


IS7MNI  MEDIAN  Kp<5.9 


OOMLT 


Fig  6h.  Same  as  in  Figure  6d  except  that  the  station  is 
Tromsd.  the  satellite  is  HiLat,  and  the  years  are  1984  and  1983. 
For  Tromsd  the  geometrical  enhancement  for  sheetlike  irregu¬ 
larities  occurs  in  the  63  -67.3'  invariant  latitude. 


time  under  solar  minimum  conditions  in  1986.  It  has 
been  discussed  earlier  by  Sti.  Basu  et  al.  [1985]  that 
the  reduction  in  scintillations  during  the  June  solstice 
arises  not  from  a  reduction  of  the  background  den¬ 
sity  but  rather  from  a  drastic  decrease  in  the  irregu¬ 
larity  amplitude  at  kilometer  scales,  possibly  in  the 
presence  of  underlying  £  region  conductivity  [Aarons 
el  ai,  19816;  Vickrey  and  Kelley,  1982;  Heelis  et  al., 
1985]. 

The  phase  and  intensity  scintillation  statistics 
during  a  sunspot  maximum  period  are  reproduced  in 
Figure  8  from  S.  Basu  et  al.  [1987a].  Little  diurnal 
variation  is  seen,  with  median  values  of  at  244 
MHz  (with  82-s  detrend)  being  3  rad  and  the  upper 
decile  being  12  rad.  It  should  be  noted  that  in  the 
high-latitude  environment  large  convection  velocities 
are  responsible  for  large  magnitude  when  a  quasi- 
geostationary  satellite  is  used  as  a  source  [Su.  Basu  et 
al.,  1985].  However,  in  spite  of  large  convection  ve¬ 
locities  the  smallest  decorrelation  time  observed  at 
Thule  is  approximately  0.3  s  in  comparison  to  0.1  $ 
at  Ascension  Island,  where  the  scattering  strength  is 
much  larger.  It  indicates  that  higher  levels  of  turbu¬ 
lence  at  low  latitudes  decrease  the  decorrelation  time, 
although  the  convection  velocity  does  not  exceed  200 
m  s'*.  Although  phase  scintillation  measurements 
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Fig.  7.  Occurrence  of I0-.  1 5-.  and  2(MB  fades  at  230  MHz  observed  at  Thule  during  the  period  1979-1986.  All  local  limes  and 
all  magnetic  activity  data  are  included.  Figure  I  is  repealed  in  the  lop  panel  to  emphasize  the  dependence  of  sdntillalion  occurrence  and 
magnitude  on  the  sunspot  cycle. 
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were  continued  into  the  low-sunspot  period,  median 
magnitudes  hardly  ever  exceeded  I  rad  at  250 
MHz,  which  is  the  threshold  of  these  measurements, 
and  thus  the  data  are  not  shown.  It  should  also  be 
mentioned  that  the  Thule  measurements  at  250  MHz 
indicate  that  scintillation  activity  did  not  vary  much 
during  1979-1982  in  spite  of  the  variation  of  solar 
activity  during  that  period.  However,  scintillations 
started  to  decrease  rather  abruptly  with  further  re¬ 
duction  of  solar  activity  after  1982.  It  is  not  dear  if 
there  is  indeed  a  threshold  level  of  solar  activity 
above  which  solar  conditions  lose  their  control  over 
irregularity  magnitude  and  their  formation.  Alter¬ 
natively,  this  may  be  an  artifact  of  saturated  scintil¬ 
lation  at  250  MHz. 

Recently,  L  band  sdntillation  and  total  electron 
content  measurements  at  Thule  have  been  started  by 
the  use  of  global  positioning  satellites.  Very  limited 
data  have  been  published  which  indicate  that  3-dB 
fluctuations  at  L  band  frequency  have  been  observed 
at  high  elevation  angles  in  1984  IWeber  el  at,  1986]. 
These  measurements  will  be  useful  in  the  next  sun¬ 
spot  maximum  period,  particularly  when  250-MHz 
scintillation  becomes  saturated. 

SUMMARY 

The  global  occurrence  characteristics  during  sun¬ 
spot  maximum  and  minimum  periods  are  summa¬ 
rized  with  the  help  of  the  schematic  diagrams  shown 
in  Figure  9.  The  left-hand  panel  of  the  figure  shows 
the  sdntillation  activity  during  the  sunspot  maxi¬ 
mum  period.  The  activity  level  is  expressed  in  terms 
of  actual  L  band  observations  at  the  equator  and 
extrapolations  from  250-MHz  observations  at  higher 
latitudes.  The  diagram  identifies  three  major  regions 
producing  scintillations,  namely,  the  region  around 
the  magnetic  equator  in  the  postsunset  period,  the 
nightside  auroral  oval  and  dayside  cusp,  and  the 
region  within  the  polar  cap  at  all  local  limes.  The 
most  disturbed  region  corresponds  to  the  northern 
and  southern  crests  of  the  equatorial  anomaly  where 
the  magnetic  dip  is  approximately  30".  with  more 
moderate  levels  of  scintillations  being  observed  at  the 
magnetic  equator.  The  generation  of  the  equatorial 
irregularities  in  the  postsunset  hours  tfnd  the  oc¬ 
currence  of  a  secondary  maximum  of  F  region  ioni¬ 
zation  lAtiderson  and  Klobuchar,  1983]  at  this  time 
combine  to  produce  such  enhanced  activity  in  this 
region.  The  diagram  shows  that  the  gigahertz  scintil¬ 
lation  activity  is  much  more  moderate  at  the  mag¬ 


netic  equator,  as  was  determined  in  the  present  study 
and  earlier  studies  [5u.  Basu  et  al.,  1980;  5.  Basu  et 
of.,  1986]. 

The  activity  level  at  high  latitudes  is  much  more 
moderate  than  that  at  the  equator.  Among  the  two 
high-latitude  regions,  the  polar  cap  is  probably  more 
active  than  the  auroral  oval.  In  the  polar  cap,  blobs 
of  structured  plasma  convected  from  the  dayside 
cusp  and  polar  F  region  arcs  generated  by  particle 
precipitation  have  been  identified  as  sources  of  scin¬ 
tillation  activity  [^Weber  et  al.,  1984;  Weber  and 
Buchau,  1981;  Su.  Basu  et  al.,  1988].  The  dayside 
cusp  has  also  been  found  to  be  a  seat  of  significant 
scintillations  IVichrey  et  al.,  1985].  In  the  nightside 
auroral  oval  the  activity  level  is  more  moderate  than 
in  the  polar  cap,  as  indicated  in  the  diagram.  In  con¬ 
trast  to  the  magnetic  equator,  the  greater  variability 
of  ionospheric  drift  at  high  latitudes  changes  the  rms 
phase  deviation  and  decorrelation  times  for  a  given 
level  of  intensity  scintillation. 

The  right-hand  panel  represents  the  activity  level 
during  the  sunspot  minimum  period.  A  drastic  re¬ 
duction  of  scintillation  activity  in  all  three  regions  is 
indicated.  The  latitudinal  extent  of  equatorial  scintil¬ 
lations  is  also  reduced.  Near  the  magnetic  equator, 
scintillation  levels  of  5  dB  at  L  band  become  rather 
uncommon.  In  the  polar  cap,  5-dB  fade  levels  at  250 
MHz  are  attained  only  10%  of  the  time,  whereas  at 
auroral  stations  scintillation  magnitudes  at  2S0  MHz 
rarely  exceed  5-dB  levels.  Al  high  latitudes,  rms 
phase  deviations  at  250  MHz  do  not  generally  exceed 
I  rad,  which  is  the  sensitivity  of  our  current  receivers. 

ft  is  obvious  that  ionospheric  scintillations  en¬ 
countered  during  the  solar  maximum  period  are 
severe  enough  to  be  of  concern  in  the  design  of  radar 
and  communication  systems.  The  drastic  reduction  of 
scintillation  occurrence  al  all  locations  during  sun¬ 
spot  minimum  is  rather  intriguing  in  view  of  the  dif¬ 
ferent  instability  mechanisms  operative  al  high  and 
low  latitudes  and  thus  points  to  the  background  den¬ 
sity  as  the  major  modulating  factor.  From  the  point 
of  view  of  successful  scintillation  modeling,  it  is  im¬ 
portant  to  determine  whether  the  variation  of  the 
background  F  region  ionization  density  with  solar 
cycle  is  large  enough  to  explain  the  observed  scintil¬ 
lation  behavior  or  whether  it  is  necessary  to  postu¬ 
late  variation  of  irregularity  parameters  as  well.  At 
the  equator,  where  irregularity  generation  is  belter 
understood,  it  has  been  shown  that  the  high  altitude 
of  the  F  layer  seen  during  solar  maximum  years 
helps  the  seeding  and  growth  of  the  Rayleigh-Taylor 
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Fis.  9.  Global  variation  of  scintillation  fades  durinf  solar  maximum  and  solar  minimum. 
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instability  lOssakow,  1981]  and  may  explain  the  in¬ 
creased  occurrence  of  scintillations.  It  is  interesting 
to  note  that  the  semiempirical  low-latitude  iono¬ 
spheric  model  developed  by  Anderson  et  al.  [1987] 
predicts  an  order  of  magnitude  variation  of  back¬ 
ground  ionization  density  at  the  anomaly  crest  but 
only  a  factor  of  2  variation  at  the  magnetic  equator. 
The  observed  variation  of  scintillation  magnitudes  as 
a  function  of  solar  cycle  agrees  well  with  these  pre¬ 
dictions.  At  high  latitudes,  on  the  other  hand,  where 
a  plethora  of  instabilities  may  operate  [Keskinen  and 
Ossakow,  1983],  it  is  very  difficult  to  determine  the 
extent  to  which  each  instability  process  may  be  af¬ 
fected  by  the  solar  cycle. 
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ABSTRACT 


Recent  observations  of  high  latitude  phase  and  amplitude  scintillations 
with  the  quasi-geostatlonary  polar  beacon  satellites,  high  altitude  orbiting 
GPS  satellites  and  the  low  altitude  orbiting  lllLat  and  Polar  Bear  satellites 
have  contributed  greatly  to  an  elucidation  of  the  source  regions  of  F-region 
irregularities,  their  evolution  and  dynamics  and  their  effects  on 
trans-ionospheric  propagatlo.'  links  in  the  VHF/UHF  bands.  In  particular, 
using  the  polar  beacon  satell''.tes  which  can  be  tracked  for  several  hours 
continuously,  it  was  found  possible  to  study  for  the  first  time  the  long-term 
morphology  of  phase  and  amplitude  scintillations  in  the  polar  cap  and  relate 
their  structure  to  the  large  scale  plasma  processes.  The  HiLat  satellite 
observations  in  the  dayslde  .cusp  indicate  the  occurrence  of  Intense  VltF 
scintillations  and  associated  strong  UP  backscatter.  The  Irregularity 
configuration  in  the  cusp  is  found  to  be  rod-like  aligned  with  the  geomagnetic 
field  while  in  the  nlghtside  auroral  oval  magnetic  L-shell  aligned  sheets  give 
rise  to  large  phase  scintillations.  In  the  auroral  region,  in  addition  to  the 
gradient  drift  instability  associated  with  plasma  'blobs'.  Intense  velocity 
shears  have  recently  been  observed  to  generate  plasma  density  structures  with 
shallow  spectral  slopes  that  have  been  identified  to  be  sources  of  strong  UIIP 
scintillations  and  radar  backscatter.  Whereas  the  basic  irregularity 
structure  is  probably  preserved  through  the  sunspot  cycle,  the  solar  control 
of  the  background  plasma  density  is  shown  to  affect  greatly  the  magnitude  of 
scintillations  throughout  the  high  latitude  region. 

iBTRODUaiON 


Die  high  latitude  ionosphere  corresponds  broadly  to  the  region  poleward 
of  the  mid-latitude  trough  and  extends  as  far  as  the  magnetic  pole.  This 
region,  subdivided  into  the  auroral  oval  ('''60®-75°A,  invariant  latitude)  and 
the  polar  cusp  and  cap  (>7S  A),  is  the  seat  of  intense  irregularities  of 
electron  density  that  cause  phase  and  amplitude  scintillations  of  signals 
received  from  radio  stars  or  satellites  and  intense  backscatter  on  |[F/VHF 
radars.  Tsunoda  (1988)  has  recently  presented  a  comprehensive  review  of  high 
latitude  F-reglon  irregularities.  Dtese  irregularities  in  the  scale  length 
range  of  a  few  kilometers  down  to  meters  arise  (1)  from  a  structuring  of  large 
scale  plasma  enhancements  or  blobs  through  the  ExB  gradient  drift  process  In 
the  polar  cap  and  the  auroral  oval  (Weber  et  al.,  1984;  Vickrey  et  al.,  1980; 
Keskinen  and  Ossakow,  1983);  (11)  in  regions  of  soft  (few  hundred  eV)  auroral 
and  polar  cap  particle  precipitation  (Su.  Basu  et  al.,  1983;  Weber  and  Buchou, 
1981);  and  (ill)  in  velocity  shear  regions  adjacent  to  Inverted-V  events  by 
Relvln-Hclmholtx  Instability  process  (Su.  Basu  et  al.,  1986,  1986a;  Keskinen 
et  al.,  1988).  Co-ordinated  incoherent  scatter  and  coherent  radars,  satellite 
In-sltu,  optleal/UV  imaging  and  TEC/scintlllatlon  measurements  have,  In  recent 
years,  contributed  greatly  to  our  understanding  of  high  latitude 
irregularities  and  associated  plasma  processes  that  give  rise  to 
scintillations.  In  the  following  sections,  we  shall  discuss  the  results  of 
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auch  co-ordinated  measurements  performed  in  different  regions  of  the  high 
latitude  environment. 

RESULTS 


We  shall  Illustrate  scintillation  behavior  observed  In  the  polar  cap, 
cusp  and  nightslde  auroral  oval  and  attempt  to  present  other  co-ordinated 
observations  which  provide  some  Insights  Into  the  probable  generation 
mechanisms  for  the  Irregularities  that  cause  the  scintillations. 

1 .  Polar  Cap 

In  recent  years  the  polar  cap  has  been  found  to  bb  the  seat  of  the 
largest  propagation  disturbances  In  the  high  latitude  environment  (Aarons  et 
al.,  1981).  The  scintillations  observed  In  this  region  are  either  found  to  be 
associated  with  polar  cap  arcs,  l.e.,  localized  sources  within  the  cap,  or 
with  patches  of  enhanced  Ionization  which  drift  across  the  polar  cap  In  an 
antlsunward  direction.  In  the  former  category,  observed  under  conditions  of 
the  Interplanetary  magnetic  field  (IHF)  Bz  >  0,  the  scintillations  may  be 
associated  with  sub-visual  F-layer  sun-aligned  area  (Weber  and  Buchau,  1981) 
or  with  much  brighter  E-region  polar  cap  arcs,  a  special  sub-set  of  which  are 
the  theta  auroras  (Su.  Basu  et  al.,  1988b). 

It  has  been  shown  by  Carlson  et  al.  (1984)  and  by  Su.  Basu  et  al.  (1988b) 
that  velocity  shears  are  associated  with  polar  cap  arcs.  Such  shears, 
contiguous  to  auroral  oval  arcs,  have  been  found  to  provide  enhanced  power  at 
Irregularity  scale  lengths  <1  km  (Su.  Basu  et  al.,  1988a).  This  observational 
result  was  explained  by  Kesklnen  et  al.  (1988)  by  Invoking  the  non-linear 
evolution  of  the  colllalonal  Relvln-llelmholtz  Instability  as  a  possible  source 
for  the  generation  of  these  Irregularities  associated  with  sheared  plasma 
flows  In  the  high  latitude  Ionosphere. 

Scintillations  associated  with  patches  observed  during  IHF  Bz  <  0  have 
been  studied  much  more  extensively.  Weber  et  al.  (1984)  diagnosed  these 
plasfM  density  enhancements  through  optical  and  lonosonde  techniques.  Fig.  1 
taken  from  their  paper  shows  an  all-sky  imaging  photometer  (ASIF)  Image  at 
630  nm  of  enhariced  alrglow  observed  on  22  January  1982  which  was  caused  by  the 
convectlng  patches  of  Ionization.  The  numbers  on  the  Image  correspond  to  a 
DE-2  satellite  pass  that  occurred  simultaneously.  The  particle  spectrometer 
data  from  the  satellite  was  used  to  prove  that  the  excess  ionization  observed 
was  not  locally  produced.  Su.  Basu  et  al.  (1988c)  have  further  shown  that 
these  patches  can  even  be  sampled  at  800  km  as  evident  from  the  retarding 
potential  analyzer  data  from  DE-2  depicted  In  Fig.  2.  They  also  showed  thot 
the  Intense  phase  and  amplitude  scintillation  depicted  In  Fig.  3  and  caused  by 
the  transit  of  the  patch  across  the  ray  path  to  a  geostationary  satellite 
(shown  by  the  black  dot  on  Fig.  1)  can  be  modeled  with  the  help  of  the  In-sltu 
data  If  the  F-reglon  peak  parameters  such  ss  maximum  density  and  scale  height 
are  known. 

The  total  electron  content  (TEC)  Increase,  caused  by  these  patches  in  the 
dark  polar  Ionosphere,  was  estimated  using  CPS  satellites  and  was  found  to 
vary  between  10-15  TEC  units  above  a  background  value  of  5  TEC  units  (Weber  et 
al.,  1986).  Buchau  et  al.  (1985)  have  presented  evidence  for  a  sunlit 
sub-cusp  Ionospheric  source  for  these  patches  rather  than  production  by 
precipitating  energetic  particles.  Anderson  et  al.  (1988)  have  shown  by 
modeling  studies  that  the  patches  are  formed  In  response  to  s  change  In  the 
convection  pattern  (Heells  et  al.,  1982)  brought  about  by  a  sudden  change  in 
the  cross-tall  potential  which  drives  the  convection.  The  small-scale 
structuring  (<10  km)  of  these  ‘wlOOO  km  patches  In  the  convection  field  occurs 
at  the  steep  edges  of  these  enhancements  by  the  ExB  gradient-drift  Instability 
mechanism  (Chaturvedl  and  Hubs,  1987  and  references  therein).  There  Is  some 
Indication  that  amplitude  scintillations  ore  stronger  on  the  trailing  (l.e., 
ExB  unstable)  edge  (Weber  et  al.,  1986).  However,  when  the  patches  are 
observed  In  the  central  polar  cap,  far  from  the  origin  of  these  enhancements. 
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it  la  difficult  to  dlstlngulah  this  expected 'asymmetry  between  the  two  edges 
from  either  the  scintillation  or^the  In-altu  technique  (Su.  Dasu  et  al., 
1988c). 

Since  scintillations  are  observed  In  the  polar  cop  Irrespective  of 
conditions  (l.e.,  both  with  sun-aligned  arcs,  generally  observed  under  quiet 
magnetic  conditions,  and  convectlng  patches  seen  under  disturbed  magnetic 
conditions),  they  show  a  weak  dependence  on  magnetic  activity  as  monitored  by 
the  Kp  Index.  Fig.  4  taken  from  S.  Basu  et  al.  (1988a)  shows  long-term 
statistics  of  250  HKz  scintillations  at  Thule,  a  polar  cap  station,  for  all  Kp 
as  a  function  of  the  solar  cycle  over  the  period  1979-1986.  Due  to  a  lack  of 
strong  diurnal  variation  (S.  Basu  et  al.,  1987),  all  24  hours  of  observations 
are  included.  The  drastic  variation  of  occurrence  and  magnitude  of 
scintillations  with  sunspot  number,  shown  In  the  top  panel,  is  evident.  This 
Is  Interpreted  as  a  reduction  In  density  associated  with  patches  and  arcs  as  a 
function  of  the  sunspot  cycle  (Buchau  et  al.,  1985).  It  has  been  discussed 
earlier  by  Su.  Basu  et  al.  (1985)  that  the  reduction  In  scintillations  during 
the  June  solstice  arises  not  from  a  reduction  in  the  background  density  but 
rather  from  a  drastic  decrease  in  the  Irregularity  amplitude  at  km-scales 
possibly.  In  the  presence  of  underlying  E-reglon  conductivity  (Aarons  et  al., 
1981;  Vickrey  and  Kelley,  1982;  Heells  et  al.,  1985). 

2.  Polar  Cusp 

Satellite  In-sltu  traversals  of  the  dayslde  polar  cusp  through  the 
topside  F-layer  haVd  found  this  region  to  be  associated  with  soft  electron 
precipitation,  enhanced  electron  temperature  and  electron  density  fluctuations 
(Curtis  et  al.,  1982).  Kelley  et  al.  (1982)  presented  In-sltu  rocket  . 
measurements  of  plasma  density  In  the  F-reglon  which  closely  tracked 
variations  In  total  energy  flux  associated  with  precipitating  electrons.  This 
would  normally  lead  one  to  believe  that  the  cusp  should  be  a  region  of 
enhanced  scintillations  as  both  density  and  relative  density  fluctuations  are 
found  to  be  larger.  The  evidence  In  the  literature  Is  somewhat  conflicting, 
however.  Two  case  studies  performed  by  the  APGL  Airborne  Ionospheric 
Observatory  (AIO)  on  January  26,  1979  and  January  28,  1984  found  low  levels  of 
scintillations  (approximately  6  dB)  at  250  Ifltz.  Two  other  case  studies 
conducted  by  Baker  et  al.  (1986)  and  Baslnska  et  al.  (1987)  on  November  28, 
1983  and  December  2,  1983,  respectively,  using  the  HlLat  satellite  found 
saturated  VHF  and  fairly  Intense  (IHF  scintillations  In  conjunction  with  low 
energy  particle  precipitation,  field  aligned  currents,  and  structured 
velocities.  Both  groups  Invoked  the  current  convective  Instability  (Ossakow 
and  Chaturvedl,’  1979)  as  a  mechanism  for  Irregularity  generation.  Of 
particular  Interest  Is  the  finding  of  Baker  et  al.  (1986)  that  a  region  of 
east-west  extended  HF  backscatter  was  found  to  be  co-located  with  the  most 
Intense  scintillations  and  the  cleft/cusp  related  particle  precipitation  and 
field  aligned  currents.  Plate  1  of  their  paper  shows  the  Intersection  of  the 
HlLat  pass  (white  line)  with  the  radar  scattering  volume  at  the  time  of  the 
most  Intense  scintillations  at  1642:05  ITT.  IIF  backscatter  from  the  same 
volume  la  seen  to  exceed  25  dB  above  receiver  noise. 

3.  Nlghtside  Auroral  Oval 

This  la  a  region  of  the  high  latitude  Ionosphere  where  evidence  has  been 
found  for  both  convected  and  In-sltu  generated  plasma  density  enhancements  or 
'blobs'  to  be  associated  with  scintillations.  Vickrey  et  al.  (1980)  were  the 
first  to  report  on  convected  auroral  'blobs'  and  scintillations  using  combined 
Cbatanlka  radar  and  150  MHz  transmissions  from  the  Triad  satellite.  Another 
more  recent  case  study  was  conducted  by  Weber  et  al.  (1985)  .lao  using 
Chatanlka  radar  data  and  Wideband  satellite  scintillation  data  which  were 
received  at  two  fixed  ground  stations  and  on  the  AFCL  AIO.  In  addition. 
Ionospheric  structure  measured  by  tho  radar  was  compared  with  remote  optical 
and  lonosonde  measurements  from  the  AIO  and  with  precipitating  electron 
characteristics  measured  by  a  DHSP  satellite.  From  the  simultaneous 


78 


Measurements  these  authors  were  able  to  prove  that  the  plasma  density 
enhancements  seen  by  Pptlcal  and  radar  techniques  were  not  locally  generated. 
Fig.  5  shows  that  the  Most  Intense  scintillations  were  associated  with  the 
largest  plasma  density  enhancementa  in  the  F-reglon,  one  associated  with  the 
boundary  blob  (Rlno  et  al.,  1983)  to  the  south  of  the  radar  and  the  other  near 
the  radar  zenith.  It  further  shows  that  the  peak  production  In  the  C-reglon 
associated  with  particle  precipitation  was  well  to  the  north  of  the  F-reglon 
enhancementa  and  in  this  case  not  asaoclated  with  amplitude  scintillations. 

The  auroral  blobs  structure  In  the  same  way  as  the  polar  cap  patches  discussed 
earlier. 

While  convectlng  blobs  provide  a  large  fraction  of  the  scintillation 
events  In  the  nlghtalde  auroral  oval,  scintillations,  particularly  during 
substorms,  are  also  found  to  be  associated  with  Intense  soft  particle  . 
precipitation  which  gives  rise  to  locally  produced  density  gradients  and  TEC 
enhancements.  One  such  case  was  documented  by  Su.  Basu  et  si.  (1983). 

In  some  cases,  however.  Intense  scintillations  are  observed  without  the 
presence  of  well-defined  F-region  blobs  end  TEC  enhancements.  Su.  Basu  et  nl. 
(1986)  found,  that  In  such  cases  the  sclntlllatlons/TEC  shown  In  Fig.  6  are 
associated  with  large  structured  velocity  regions  as  are  observed  at  the  edges 
of  auroral  arcs.  The  absence  of  blobs  was  established  using  EISCAT  radar 
measurements,  while  both  BISCAT  and  STARE  provided  evidence  for  velocity 
shears  In  the  region  of  scintillations.  It  Is  possible  that  such  velocity 
shears  generate  irregularities  by  the  colltslonal  Relvln-Helmholtz  process 
mentioned  earlier. 

Finally,  we  would  like  to  report  a  class  of  auroral  phase  scintillation 
events  seen  during  winter  aunspot  minimum  conditions.  One  such  example  of 
137  HHz  phase  scintillations,  using  the  Polar  Bear  satellite  on  January  2A, 
1987  obtained  at  Sondrestrom  Fjord,  Greenland,  is  shown  In  the  top  panel  of 
Fig.  7  (S.  Basu  et  al.,  1988b).  Basically,  the  phase  scintillations  (because 
of  the  30s  detrend  interval  of  the  orbiting  satellite  with  an  orbital  velocity 
of  1  km  s~^  In  the  E-reglon)  are  mirroring  TEC  structure  at  tens  of  km  shown 
in  the  bottom  panel.  The  TEC  structure  between  0208:68-0210:48  (IT  is  seen  to 
fall  within  a  band  of  fairly  Intense  1-2  Kilo  Rayleigh  vacuum  ultraviolet 
(V(|V)  emissions  at  135.6  nm  located  as  shown  on  the  upper  edge  of  the  diagram. 
The  most  Intense  phase  scintillations  are  co-located  with  it.  It  should  be 
noted  that  the  phase  scintillation  peak  at  0211  r48  Is  geometrical  In  nature 
and  caused  by  the  ray  path  aligning  with  magnetic  L-shell  aligned 
Irregularities  (Rlno  et  al.,  1978).  The  magnitude  of  amplitude  scintillation 
recorded  was*  quite  low.  The  VUV  Image  recorded  by  Polar  Bear  will  not 
reproduce  well  and  Is  therefore  not  shown.  When  this  pass  was  recorded  at 
Sondrestrom,  the  Incoherent  scatter  radar  was  also  operating.  Fig.  8  shows  an 
elevation  scan  In  the  magnetic  N-S  plane  which  Is  time  co-ordinated  with  the 
Polar  Bear  pass.  Careful  measurements  confirmed  that  the  structures  between 
100-140  km  height  seen  to  the  south  of  the  station  are  exactly  co-located  with 
the  VUV  emission  feature  and  the  TEC  enhancement.  Note  that  the  magnitude  of 
the  TEC  enhancement  la  aporozlmately  2  TEC  units.  A  layer  40  km  thick  with 
uniform  density  of  5  x  IQll  m-3  provides  TEC  of  the  right  order  of  magnitude 
and  this  Is  In  keeping  with  the  simultaneous  radar  observations.  The  density 
In  the  F-reglon  Is  quite  low  being  on  the  order  of  8  x  10^^  m~'.  Thus  with 
these  co-ordinated  measurements,  we  have  been  able  to  conclusively  prove  that 
the  observed  TEC  enhancements  arising  from  the  E-reglon  Ionization  are  due  to 
localized  particle  precipitation  of  about  1  keV  mean  energy  which  also  gives 
rise  to  the  observed  VUV  emission  features  of  01  at  135.6  nm.  Further,  the 
weak  level  of  amplitude  scintillations  observed  In  this  case.  Implies  that 
plasma  Instabilities  which  creote  km-scale  Irregularities  do  not  have  large 
growth  rates  in  this  highly  collisions!  medium.  The  phase  scintillations  are 
probably  produced  by  tens  of  km-scale  Irregularities  generated  directly  by  the 
particle  precipitation. 
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The  above  sections  demonstrate  the  need  for  co-ordinated  multi-technique 
measurements  If  we  are  to  understand  the  nature  of  scintillations  at  high 
latitudes  where  a  plethora  of  energy  sources  exist.  Even  the  E-  or  F-layer 
origin  of  these  Irregularities  is  not  easily  established  without  the  help  of 
other  diagnostics.  It  Is  obvious  that  great  progress  has  already  been  made, 
particularly,  In  separating  convectlng  irregularity  structures  from  locally 
generated  ones.  Since  the  tens  of  km  Irregularity  scales  have  lifetimes  of 
the  order  of  hours  In  the  dark  polar  F-reglon  (Vickrey  and  Kelley,  1982),  this 
makes  definitive  Identification  of  generation  mechanisms  even  more  difficult 
as  Irregularities  may  be  found  hundreds  of  km  away  from  their  source.  With 
many  sophisticated  Instruments  In  place  and  a  fair  grasp  of  the  problems 
Involved,  we  should  make  rapid  strides  In  understanding  high  latitude 
scintillations  during  the  upcoming  sunspot  maximum  period. 
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Fig.  2.  Two  topside  Ionisation 
patches  in  the  polar  cap  observed  by 
the  DR-2  satellite. 


Fig.  1.  The  all-sky  laaglng 
photOMeter  laage  of  an  Ionization 
patch  at  Thule. 
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Fig.  3.  Tha  intensity  scintillation 
index  (S4),  decorrelation  tiae  (t), 
and  phase  deviation  (o^)  obtained  at 
250  Mis  during  the  passage  of 
patch  2  (cf.  Fig.  2). 
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Fig.  4.  The  variation  of  aunapot  number  (top  panel)  and 
occurrence  at  Thule  of  different  Intenalty  fading  levels  In 
dB  at  2S0  Hllz  (bottom  panel)  during  1979-1986. 


Fig.  5.  Contours  of  Ionization  densltf  obtained 
with  the  Chatanlka  radar  and  regiona  of  atrong 
scintillations  of  Wideband  satellite  signal. 
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Fig.  6.  Illuatrates  Intense 
scintillations  with  shallow  phase 
spectral  slopes  observed  In  velocity 
shear  regions  around  203930  UT 
without  eny  enhancement  of  total 
electron  content  In  the  auroral  oval. 
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Fig.  7.  Detection  of  strong  phase, 
but  marginal  Intensity, 
scintillations  observed  In 
association  with  VUV  emission  and 
TEC  structure. 


Fig.  8.  The  elevation  scan  of  Sondrestrom  radar  Identifies 
a  region  of  enhanced  B-reglon  density  with  the  phase 
scintillation  structure  In  Fig.  7. 
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ATTACHMENT  7 

Reprinted  from  Proceedings  of  Cusp  Meeting 

SIMULTANEOUS  RADAR  AND  SATELLITE  OBSERVATIONS  OF  THE  POLAR  CUSP/CLEFT 
AT  SONDRE  STROMFJORD 


C.E.  Valladares*,  Su.  Basu*,  R.J.  Nlciejewskl^ ,  and 
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^Emmanuel  College,  400  The  Fenway,  Boston,  MA  02115,  USA 
^University  of  Michigan,  Ann  Arbor,  MI  48109,  USA 
^Boston  College,  Chestnut  Hill,  MA  02167,  USA 

ABSTRACT.  On  February  9,  1988  a  multi-instrument  observation  of  the 
dayside  polar  ionosphere  was  made  at  Sondre  Stromfjord,  Greenland  as 
part  of  a  CEDAR  high  latitude  campaign.  Our  objective  was  to  observe 
the  low  altitude  signature  of  the  cusp  during  southward  IMF  but  under 
fairly  quiet  ionospheric  conditions  (Kp=2).  The  HiLat  satellite 
measured  in-sltu  particle  precipitation,  field-aligned  currents  and 
velocity  shears  in  the  dayside  cusp/cleft,  while  the  VHF  beacon  on  board 
showed  large  phase  scintillation  and  saturated  intensity  scintillation. 
The  phase  spectral  index  was  fairly  shallow  indicating  that  large  power 
spectral  density  was  present  up  to  scales  on  the  order  of  lOOm.  During 
the  spacecraft  overflight,  the  radar  was  scanning  close  to  the  F-region 
projection  of  the  satellite  track.  It  is  the  object  of  this  paper  to 
compare  the  radar  measured  thermal  density,  T1  and  Te  features  in  the 
F-reglon  with  topside  density  and  velocity  structures  and  particle 
precipitation  characteristics  measured  in-sltu  by  the  satellite  at 
830  km.  The  precipitating  electron  flux  measured  by  HiLat  was  also 
input  to  an  ionospheric  chemistry  model  that  calculates  electron  density 
and  temperature  profiles  for  different  exospheric  temperatures.  The 
modeling  results  show  that  most  of  the  features  of  the  radar  data  may  be 
explained  in  terms  of  cleft  precipitation,  consequent  higher  exospheric 
temperatures  and  enhanced  convection. 


1.  INTRODUCTION 

The  polar  cusp  has  been  defined  as  the  region  of  very  intense  and 
structured  particle  precipitation  with  soft  magnetosheath-like  energy 
spectra  (Helkkila,  1985;  Vasyliunas,  1985).  Typically  the  average 
energy  of  the  electrons  deposited  in  the  cusp  region  is  below  100  eV 
(Frank,  1971),  and  the  number  flux  is  on  the  order  of 

lO’-lO^®  el/cm*-s-ster  (Gussenhoven  et  al.,  1985).  The  location  of  the 
low  altitude  cusp  is  closely  related  to  the  convection  pattern  which 
depends  on  the  orientation  of  the  IMF.  Potemra  et  al.  (1985)  suggested 
that  the  velocity  reversal  and  the  location  of  the  region  1  current 
could  be  used  as  indicators  of  the  equatorward  edge  of  the  cusp.  Burch 
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et  al.  (1985)  pointed  out  that  during  southward  IMF  with  By  negative, 
plasma  in  the  pre-noon  region  convects  mostly  eastward  except  for  a 
narrow  zone  that  convects  west.  This  feature  was  interpreted  in  terms 
of  a  viscous  cell.  Recently,  Bythrow  et  al.  (1988)  and  Erlandson  et  al. 
(1988)  have  presented  evidence  that  the  cusp  precipitation  region 
coincides  with  the  region  1  current  system,  and  that  the  traditional 
cusp  current  flows  along  lines  that  map  to  the  plasma  mantle. 

Roble  and  Rees  (1977)  developed  a  numerical  model  of  the  high 
latitude  ionosphere  to  study  the  response  of  the  plasma  parameters  when 
cusp-type  or  auroral-type  electrons  are  precipitating.  They  concluded 
that  for  soft  precipitation  and  quiet  background  conditions  the  F-region 
electron  temperature  rises  in  a  few  seconds,  but  plasma  density  requires 
a  few  minutes  to  build  up.  Stamnes  et  al.  (1985)  pointed  out  that  the 
solar  EUV  input  may  in  general  contribute  substantially  to  the  electron 
density  and  temperature  in  cusp  auroras  in  stations  such  as  Sondrestrom 
which  has  a  relatively  low  geographic  latitude. 

Several  efforts  have  been  made  earlier  to  study  the  polar  cusp 
region  at  Sondrestrom.  Kelly  (1985)  presented  two  types  of  daytime 
density  enhancements  observed  with  the  radar.  One  type  has  high  Te  and 
is  associated  with  region  1  Birkeland  currents,  and  it  is  located 
equatorward  of  the  shear  reversal  (Foster  et  al.,  1985).  The  other  type 
of  Ne  Increase  does  not  show  Te  enhancement,  instead  is  related  to  large 
plasma  flows  which  transport  plasma  from  lower  latitudes. 

This  paper  presents  the  results  of  one  multi-technique  experiment 
performed  at  Sondrestrom  with  the  purpose  of  investigating  the  following 
topics:  1)  identify  the  radar  signature  of  the  cusp/cleft  region  in 

terms  of  the  geophysical  parameters  measured  by  the  radar,  2)  compare 
the  satellite  observations  at  830  km  with  the  radar  measured  Ne  and  Te 
at  F-region  altitudes,  and  3)  determine  background  conditions  for 
small-scale  structuring  in  the  cusp/cleft  region.  Further,  the  energy 
spectra  of  the  precipitating  electrons  measured  in-situ  were  used  as 
inputs  to  a  model  of  production  rate  and  ionospheric  chemistry,  to 
determine  time  scales  involved  in  the  ionospheric  response  to  the  cusp 
precipitation. 

2 .  OBSERVATIONS 

On  February  9,  1988  the  Sondre  Stromfjord  radar  (66.99'’N,  50.95°W, 

76°  invariant  latitude)  was  operated  in  a  slow  scan  mode  from  12-15  UT. 
During  the  experiment  the  radar  antenna  performed  elevation  scans  in  the 
magnetic  meridian  plane,  probing  120  degrees  of  the  sky  in  15  minutes. 
The  low  scanning  speed  was  selected  to  provide  temperature  measurements 
with  small  statistical  uncertainty  and  at  the  same  time  give  adequate 
latitudinal  resolution,  20  km  in  the  F-region.  The  HiLat  satellite 
crossed  the  Sondrestrom  latitude  at  12:55:20  UT.  Figure  1  shows  the 
projection  of  the  HiLat  track  at  350-km  altitude,  together  with  the 
radar  coverage  at  the  same  altitude.  Both,  satellite  overpass  and  radar 
scan,  were  coordinated  to  start  simultaneously  and  progress  as  a  north 
to  south  motion. 

The  IMP-8  satellite  was  in  the  solar  wind  on  this  day.  This 
spacecraft  measures  the  3  components  and  the  total  value  of  the 
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Figure  1.  Locations  of  radar  scan  and  HlLat  magnetic  field  line  trace 
at  3S0-km  altitude  for  Sondrestrom. 

Interplanetary  magnetic  field  in  the  Solar-Magnetospheric  coordinate 
system.  During  the  experiment  Bx  was  positive,  the  average  value  was 
equal  to  +3  nanoteslas  (nT) ,  By  was  negative  with  a  mean  value  of  -2  nT, 
Bg  was  mainly  negative  except  for  a  15-minute  positive  excursion  from 
-3  to  +1  nT  which  occurred  between  13:10  and  13:25  UT.  During  the  time 
of  the  HlLat  overpass  Bg  pointed  south.  The  3-hour  Kp  index  was  2,  the 
solar  sunspot  number  was  47,  and  the  solar  zenith  angle  (SZA)  at 
Sondrestrom  for  the  time  of  the  measurement  was  87®. 

2.1.  HlLat  In-Sltu  Observations 

The  HlLat  satellite  carried  both  In-situ  Instrumentation  and  coherent 
radio  beacons  when  it  was  launched  in  1983  (Fremouw  et  al.,  1985).  The 
In-situ  data  will  be  discussed  in  this  section  while  the  beacon  data 
will  be  presented  in  the  next  section. 

Figure  2  shows  relevant  parameters  measured  by  HlLat  during  the 
descending  pass  of  12:49' UT.  Data  from  4  instruments  on-board  HiLat  are 
plotted  versus  Invariant  latitude  in  order  to  facilitate  the  comparison 
with  radar  data.  Panel  a  shows  the  number  flux  measured  by  the  electron 
flux  J  sensor  (Hardy  et  al.,  1984).  The  number  flux  is  enhanced  almost 
2  orders  of  magnitude  between  75.8®  and  79®A,  with  respect  to  the  flux 
level  in  the  polar  cap.  Panel  b  is  the  average  energy  of  the 
precipitating  electrons,  as  measured  by  the  zenith  detector.  The  mean 
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Figure  2.  HiLat  in-situ  data  of  precipitating  electron  flux  (panel  a), 
average  energy  of  electrons  (b) ,  field-aligned  current  intensity  (c), 
horizontal  E-W  velocity  (d),  and  ion-density  (e)  at  830-km  altitude. 

energy  of  the  electrons  is  below  100  eV  at  A  latitudes  greater  than 
76.5°.  The  high  intensity  and  softness  of  the  electron  precipitation, 
between  76.5°  and  79°A  shows  that  this  region  represents  a  classical 
cusp  precipitation  (Potemra  et  al.,  1977;  Gussenhoven  et  al.,  1985). 

The  field-aligned  current,  labeled  J||  in  panel  c,  was  calculated 
from  the  eastward  component  of  the  magnetic  disturbance  (Potemra  et  al., 
1984),  positive  values  refer  to  downward  currents.  Following  the 
nomenclature  used  by  Bythrow  et  al.  (1988)  and  very  similar  to  their 
morning  HiLat  pass  shown  in  Plate  3,  we  find  an  upward  directed  current 
which  can  be  identified  with  the  region  2  current  with  its  peak  at 
76.5°,  followed  by  a  downward  region  1  current  and  then  an  upward 
traditional  cusp  current  poleward  of  77°  invariant.  The  maximum 
intensity  is  almost  5  pAmp  m”^  in  the  cusp. 

The  crosstrack  velocity  measvired  by  the  IDM  on-board  HiLat  (Rich  et 

al.,  1984)  is  sltown  in  panel  d.  This  velocity  is  very  structured  and  it 

is  directed  primarily  eastward  between  76°-79°  except  for  the  period 
between  77.2°  and  77.5°A,  when  it  turns  westward.  This  small  portion  of 
westward  velocities  seems  to  be  co-located  with  the  cusp  current  system. 

The  ion  number  density  measured  by  the  RPA  is  shown  in  panel  e  of 

Figure  2.  Ni  is  uniform  except  for  the  factor  of  2  enhancement  in  the 
poleward  side  of  the  cleft/cusp  region,  between  78.1°  and  78.9°A.  This 
density  was  measured  at  the  satellite  altitude  (830  km).  In  a  later 
section,  we  comment  on  the  implications  of  this  measurement  and  the  Ni 
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values  obtained  with  the  radar. 

The  RAM  velocity  from  the  RPA  and  the  crosstrack  velocity  measured 
by  the  IDM  were  combined  to  resolve  the  plasma  velocity  vector.  The  RAM 
velocity  was  corrected  to  compensate  for  the  possible  charging  of  the 
spacecraft  and  the  uncertainty  in  the  derivation  of  the  RAM  velocity 
(300-400  ms~*)  to  provide  an  agreement  with  the  radar  measured  drift 
velocity.  Figure  3  shows  the  flow  vector  along  the  satellite 
trajectory.  At  invariant  latitudes  below  75°  the  plasma  velocity  is 
very  small  as  is  typical  for  subauroral  latitudes.  The  invariant 
latitude  range  between  76°  and  78°  is  a  region  with  a  velocity  magnitude 
almost  1  km  and  directed  northeast.  At  77.2°  the  velocity  reverses  to  a 
westward  convection  for  about  30  km.  This  convection  pattern  is  common 
for  Bz  southward  and  By  negative  IMF  conditions.  Burch  et  al.  (1985) 
have  Indicated  that  limited  reversals  from  east  to  west  then  back  to 
east  are  indicative  of  the  presence  of  a  viscous  cell.  North  of  the 
cusp/cleft  region  the  plasma  velocity  is  eastward  and  less  than 
150  ms"*. 


HILAT  ION  DRIFT  VELOCITIES 
FEBRUARY  9.  1988  1249-1300  UT  I  km/sec 


12  MLT 


Figure  3.  Vector  velocities  derived  by  combining  the  HiLat  N-S  velocity 
from  the  retarding  potential  analyzer  and  the  E-W  velocity  measured  by 
the  ion-drif tmeter . 

2.2.  Scintillations  Using  HiLat 

Phase  and  amplitude  scintillations  are  available  from  the  HiLat 
satellite  at  138  and  413  MHz.  Total  electron  content  measurements  are 
also  available  along  tlie  slant  path  between  the  satellite  and  the  ground 
station.  The  F-reglon  of  the  ionosphere  generally  introduces  the 
largest  perturbation  in  the  signal  propagating  from  the  satellite.  VJe 
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thus  show  in  Figure  4,  the  350-km  intersection  of  the  ray  path  from  the 
satellite  together  with  the  350-km  lliLat  field  line  track  (a  part  of 
which  was  shown  in  Figure  1)  for  comparison  of  the  scintillation/TEC 
behavior  in  respect  to  the  in-situ  data. 


SONORE  HILAT  FEB.  9.  1986 


Figure  4.  Locations  of  the  ionospheric  intersection  of  the  ray  path 
from  HiLat  and  its  magnetic  field  line  trace,  both  referred  to  350-km 
altitude  for  Sondrestrom. 

Figure  5  shows  tlie  phase  and  amplitude  scintillations  obtained  at 
137  and  413  MHz  from  the  HiLat  satellite.  A  prominent  increase  in  tliese 
parameters  is  observed  between  1251:48-1254:18  UT.  In  particular,  tlie 
large  amplitude  scintillation  is  noteworthy.  The  dotted  line  shows  the 
137-MHz  amplitude  scintillation  corrected  for  the  effect  of  the  slant 
path.  (The  data  at  elevation  angles  less  than  20°  are  contaminated  by 
possible  multipath  effects  and  hence  not  considered.)  The  above  time 
interval  corresponds  to  an  invariant  latitude  interval  of  80.2°-75.8° 
which  encompasses  the  region  where  both  the  largest  number  flux  of 
precipitated  electrons  are  seen  (Panel  a  of  Figure  2)  and  the  largest 
structured  velocities  are  observed  (Figure  3).  In  addition,  tne 
spectral  analysis  of  the  phase  scintillation  data  (not  shown)  yields 
spectral  indices  of  the  order  of  -2.5.  This  together  with  the  large 
magnitude  of  the  phase  scintillation  index  indicates  larger  power 
spectral  densities  at  short  scales  (<1  km)  which  is  consistent  with  *-he 
existence  of  a  relatively  high  level  of  amplitude  scintillation.  Tiie 
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Figure  5.  Phase  and  amplitude  scintillations  observed  by  UiLat  at  137 
and  413  MHz. 

position  along  the  orbit  of  this  near-overhead  pass  where  the  raypath 
was  aligned  with  the  local  magnetic  L-shell  is  indicated  as  MIN  LZEN. 
Virtually  no  geometrical  enhancement  was  seen,  further  confirming  the 
hypothesis  that  the  irregularity  region  was  confined  to  the  cusp/cleft 
region  and  did  not  extend  to  the  overhead  location  of  the  station.  The 
equivalent  vertical  total  electron  content  in  the  cusp  (also  not  shown) 
exhibited  no  significant  variations  with  a  value  of  approximately 
3.5x10*^  el  cm“^  which  is  consistent  with  the  integration  of  the  radar 
profiles  in  that  region. 

2.3.  Radar  Observations 

Figure  6  presents  the  temperature  corrected  densities  for  t!ie  elevation 
scan  executed  simultaneously  with  the  HiLat  pass.  The  maximum  number 
density  is  3x10*  el  cm~*.  This  region  of  high  Ni  is  located  in  the 
southern  boundary  of  tlie  radar  field  of  view  with  the  plasma  density 
decreasing  linearly  for  higher  values  of  SZA  at  positive  northern 
distances.  At  150  km  north  of  the  radar  Ni  reaches  its  lowest  value, 
1.8x10*  el  cm“*.  However,  at  a  northern  distance  of  350  km  the  density 
Increases  to  a  value  of  2.6x10®  el  cm“^.  Figure  6  shows  only  a  liint  of 
a  region  of  large  density  while  the  previous  scan,  not  shown  here,  and 
obtained  a  few  minutes  earlier,  displays  better  the  small  region  of 
higher  density. 

The  electron  temperature  Te  and  the  Te  error  bars  are  plotted  in 
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Figure  6,  Elevation  scan  of  ionospheric  densities  made  by  the 
Sondrestrom  radar  between  12:49-13:OA  UT  on  February  9,  1988. 

Figure  7.  Te  slowly  Increases  for  larger  southern  distances  from 
Sondrestrom.  This  is  due  to  more  intense  solar  illumination  at  sliglitly 
lower  SZA.  At  about  200  km  north  of  the  radar  site,  F-region  Te 
increases  from  2200°  to  3300°K,  probably  in  response  to  the 
precipitation  measured  by  HiLat.  The  F-region  Ti,  though  not  shown 
here,  is  also  enhanced  at  300  km  north  of  the  radar.  Ti  rises 
significantly  from  1000°  to  1500°K  in  that  region.  The  radar  data 
implies  that  for  this  day  the  cusp/cleft  region  consisted  of  two 
well-defined  segments:  the  equatorward  side  with  low  Ni  and  high  Te, 
and  the  polev/ard  part  with  high  Ni  and  higli  Te. 

3.  IfODEL  RESULTS 

To  study  the  ionosplieric  response  to  the  flux  of  soft  electrons,  we  liave 
used  a  numerical  model  whicii  starts  with  tlie  energy  spectra  of  the 
precipitating  electrons  measured  in-situ  by  HiLat  and  then  calculates 
the  electron  temperature  and  the  density  profile  of  14  ionosplieric 
species  (Strickland  et  al.,  1976;  Weber  et  al.,  1985,  1988). 

Our  1-dimensional  ionospheric  chemistry  code  has  2  distinct  parts: 
part  1  assumes  that  the  incident  flux  is  isotropic  at  an  upper  altitude 
boundary  and  generates  production  rate  and  electron  plasma  heating 
profiles;  part  2  uses  the  results  from  part  1,  includes  local  chemistry, 
O"*"  diffusion,  and  electron  heat  conduction.  The  MSIS  86  model  was  used 
to  provide  tlie  density  of  the  atmospheric  neutral  constituents. 

Figure  8  shows  two  electron  spectra  measured  by  the  J-sensor  during 
the  HiLat  traversal  of  the  cusp/cleft  region,  both  spectra  correspond  to 
4.5  second  averages.  Model  1  (panel  a)  was  obtained  at  1254:30  UT, 
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Figure  7.  Electron  temperatures  at  3  altitudes  measured  by  the 
Sondrestrom  radar  together  with  the  density  measurements  shown  in 
Figure  6. 
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Figure  8.  Two  spectra  of  precipitating  electrons  mcAsured  by  HiLat. 
The  spectra  in  panel  a  was  obtained  in  the  cusp  proper,  while  that  in 
panel  b  was  from  the  cleft  region. 
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corresponding  to  77.6  invariant  latitude,  when  the  spacecraft  was  in  the 
cusp  region.  The  energy  flux  was  .32  erg/cm^-s-ster .  The  spectra  of 
panel  a  does  not  show  significant  acceleration.  The  spectra  of  panel  b 
(1254:57  UT,  75.8°A,  .76  erg/cm^-s-ster) ,  on  the  contrary,  indicates 
electrons  that  have  been  accelerated  to  1  keV.  This  is  considered  a 
typical  sub-cusp  or  cleft  electron  flux.  The  cleft  spectrum  was  found 
to  persist  for  20s  during  which  the  satellite  traversed  160  km,  whereas 
tlie  cusp  precipitation  was  observed  over  a  broader  region  of  240  km. 

Figure  9  shows  model  results  using  the  electron  spectra  of  panel  b 
and  two  different  exospheric  temperatures.  Each  situation  starts  with 
the  Indicated  Initial  electron  density  profile  and  then  runs  as  if  the 
flux  were  precipitating  unchanged  for  2  minutes.  The  results  indicate 
that  higher  exospheric  temperature  produces  increased  densities  at 
altitudes  greater  than  300  km  and  reduced  densities  lower  down. 


FEBRUARY  9,  1980  HILAT  I25A;57UT 


DENSITY  (cm'^) 

Figure  9.  Model  results  of  electron  density  for  electron  spectrum 
sliown  in  Figure  8b.  Two  different  exosplieric  temperatures  are  used. 

Calculated  Te  is  less  affected  by  the  exospheric  temperature  variation 
but  is  somewhat  higher  than  indicated  by  the  radar  measurements.  The 
best  agreement  with  corresponding  radar  densities  is  with  the  model 
profile  for  Texo  =  1140°K  which  produces  a  peak  density  of  2x10^  at 
240  km.  Out*^lowlng  O’*"  ions  <'an  alco  affoct  the  number  density  profile. 
We  tested  this  hypothesis  employing  a  range  of  up-  and  down-going  flows 
in  our  model  and  found  that  this  factor  liad  a  relatively  small  effect  on 
the  density,  particularly  at  altitudes  below  400  km.  While  model 
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results  for  the  more  typical  cusp  spectrum  of  Figure  8a  are  not  shown, 
it  is  important  to  note  that  the  model  had  to  be  run  for  5  minutes  in 
order  to  obtain  a  peak  density  of  2x10®  cm“®.  It  should  also  be 
considered  that  another  source  of  ionization  in  the  cusp  is 
precipitating  ions  (Bythrow  et  al.,  1988).  However,  since  HiLat  does 
not  measure  the  ions,  Me  considered  electrons  only,  which  will 
underestimate  the  total  ionization  input. 

4.  DISCUSSION 

One  of  the  most  significant  results  of  this  joint  satellite  and  radar 
study  shows  that  it  is  possible  to  observe  a  depletion  in  the  pre-noon 
F-region  ionosphere  in  conjunction  with  intense  particle  precipitation 
(which  causes  enhanced  Te)  and  rapid  eastward  convective  flows.  It 
seems  probable  that  these  rapid  eastward  flows  convect  less  dense  plasma' 
from  the  dawnslde  polar  region  which  is  in  darkness  at  this  time  of  the 
year.  The  model  studies  show  that  steady  precipitation  over 
approximately  2  minutes  is  necessary  for  the  desired  density  buildup  in 
the  ionosphere.  Within  this  time  the  poleward  flow  of  approximately 
1  km  s“'  will  convect  plasma  more  than  1°  poleward.  Since  the 
cleft-type  of  precipitation  occurred  over  a  region  of  160-km  latitudinal 
extent,  the  convecting  plasma  was  within  the  precipitation  region  for 
the  required  length  of  time.  The  density  buildup  is  seen  approximately 
1°  poleward  of  the  equatorward  edge  of  the  cleft  precipitation 
consistent  with  the  model  results.  The  F-region  depletion  is  probably 
not  a  result  of  an  exospheric  temperature  increase  alone  as  the  model 
results  indicate  that  this  would  probably  have  caused  enhanced  densities 
at  the  satellite  altitude  which  were  not  observed  in  this  region.  The 
region  poleward  of  the  depletion  where  an  enhancement  is  observed  both 
in  the  F-reglon  by  the  radar  and  in  the  topside  by  the  satellite  seems 
to  be  a  consequence  of  the  local  particle  precipitation,  poleward 
convection  of  the  plasma  subjected  to  more  intense  precipitation,  and 
the  increased  Te  and  T1  whicli  causes  an  increased  scale  height  of  the 
plasma  in  the  topside. 

The  small-scale  irregularities  as  diagnosed  by  the  scintillation 
technique  are  found  in  the  region  of  the  largest  particle  fluxes  and 
structured  velocities.  The  same  finding  was  reported  by  Baker  et  al. 
(1986)  in  a  case  study  at  Sondrcstrom  utilizing  data  from  HiLat  and  the 
Goose  Bay  HF  radar.  Unfortunately,  they  did  not  have  support  from  the 
incoherent  scatter  radar  there  so  that  they  hypothesized  a  density 
enhancement  in  the  F-region  and  the  existence  of  the  generalized 
gradient  drift  instability  based  on  the  satellite  precipitation  results 
alone.  However,  we  have  shown  here  that  intense  precipitation  can 
actually  be  co-located  with  a  depletion  in  density  in  the  F-region  so 
that  one  has  to  carefully  investigate  appropriate  conditions  for  the 
small-scale  irregularity  generation.  With  the  observed  poleward  drift, 
it  is  only  the  poleward  gradient  seen  by  the  radar  north  of  77° 
invariant  which  should  be  unstable  to  the  gradient  drift  Instability. 
However,  irregularities  are  observed  starting  from  75.8®  in  a  region 
which  should  be  stable  to  this  mechanism.  Other  case  studies  done  by 
Basu  et  al.  (1986, .1988)  have  shown  the  importance  of  velocity  shears 
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and  field-aligned  currents  in  generating  scintillation  producing 
irregularities.  We  would  thus  like  to  suggest  one  of  the 
transverse-shear  driven  (Keskinen  et  al.,  1988)  or 

shear-cum-f ield-aligned  current  driven  modes  (Nishlkawa  et  al.,  1988)  as 
plausible  candidates  for  the  small-scale  irregularity  generation. 

Further  studies  are  being  planned  in  the  summer  and  winter  polar  cusp 
for  more  stringent  tests  of  these  mechanisms. 

Finally,  we  would  like  to  point  out  that  it  has  been  suggested  in 
the  literature  that  the  spectra  of  the  incoherent  scatter  (IS)  signal 
can  be  distorted  by  velocity  shears  if  they  are  unresolved  within  the 
probed  volume  (Swartz  et  al.,  1988).  Field-aligned  currents  may  also 
alter  the  returned  signal  producing  asymmetries  in  the  spectra  (Foster 
et  al.,  1988).  In  order  to  determine  the  level  of  contamination  of  our 
radar  measurements  we  performed  a  careful  examination  of  the  incoherent 
scatter  spectra,  looking  for  deviations  from  the  typical  double-humped 
shape.  We  found  that  the  anomalies  were  always  smaller  than  the 
statistical  uncertainties. 
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ABSTRACT 

A  coordinated  data  set  comprised  of  scintillation, 
lonosonde,  Incoherent  scatter  radar  and  optical  measurements 
obtained  on  two  nights  during  the  CEDAR/VITS  caiqpalgn  of 
February,  1988  was  selected  for  the  study  of  two  distinct 
classes  of  high  latitude  plasma  turbulence.  Under  IMF  B> 
northward  conditions,  the  polar  cap  arc  detected  by  the  all-sky 
Imaging  photometer  (ASIP)  in  this  phase  of  low  solar  activity 
<S^  B  40)  was  found  to  be  associated  with  a  total  electron 
content  erihancement  of  only  2  x  ar^  and  weak  amplitude 
scintillations  <84 it 0.35)  at  250  MHz.  The  photometer  and 
scintillation  measurements  indicated  that  in  addition  to  the 
dawn  to  dusk  motion  of  200  ma~^  In  the  Inertial  frame,  there 
existed  enhanced  plasma  motion  of  about  400  ms~^  along  the  arc. 

The  second  data  set  conforming  to  IHF  B.  southward 
condition  showed  the  existence  of  Ionization  patches  In  the 
polar  cap  and  their  ant  I -sunward  motion  towards  the  auroral 
oval.  The  polar  cap  patches  detected  deep  within  the  polar  cap 
with  electron  contents  as  large  as  10  x  10^^  m~^  caused  15  dB 
scintillations  at  250  MHz.  These  patches  detected  close  to  the 
auroral  oval  also  caused  strong  scintillations  which  Indicated 
that  the  patches  get  continually  structured  during  their 
convection  through  the  winter  polar  cap. 

INTRODUCTION 

Manifestation  of  turbulence  Is  so  ubiquitous  in  the  high 
latitude  Ionosphere  that  In  recent  years  a  great  deal  of 
attention  has  been  focused  on  understanding  the  various  ways  In 
which  such  turbulence  Is  generated.  It  is  well  recognized  now 
that  the  Interplanetary  magnetic  field  (IMF>  has  a  profound 
Influence  on  the  large  and  small-scale  structuring  of  the  high 
latitude  ionosphere.  At  the  present  time  a  rudimentary 
framework  exists  in  which  to  organize  the  large  scale 
structuring  (<vhundreds  of  km)  In  the  very  high  latitude 
ionosphere-magnetosphere  (1-H)  system  on  the  basis  of  the 
north-south  component,  namely,  B«  of  the  IHF.  Using  sensitive 
all-sky  imaging  photometers  (ASIPs)  located  deep  within  the 
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dark  winter  polar  cap.  It  has  been  shown  that  when  IMF  B.  is 
negative,  large  ('viOOO  km)  regions  of  convecting  density 
enhancement  known  as  patches  are  observed,  whereas,  when  IMF  B> 
is  positive,  sun-aligned  arcs  are  found  to  populate  the  polar 
cap  (cf.  Fig.  1  of  Buchau  et  al.  (1985)  Ill).  That  both 
patches  and  arcs  are  associated  with  small-scale  density  and 
electric  field  turbulence  ('^kms  to  m>  has  been  determined  by  a 
variety  of  in  situ  and  remote  sensing  techniques  (21.  It 
should  be  noted  that  while  sun-aligned  arcs  in  the  polar  cap 
are  generally  observed  for  B«  north  conditions,  auroral  oval 
arcs  are  observed  under  both  polarities  of  the  IMF  with  the 
oval  arcs  being  observed  more  frequently  and  being  associated 
with  larger  energy  fluxes  for  B>  south  conditions.  Taking  a 
very  broad  overview  of  the  turbulence  characteristics 
associated  with  patches  and  arcs,  one  may  state  that  in  the 
former  case  the  turbulence  is  caused  by  an  Interchange 
instability  process,  irtille  in  the  latter  case  the  turbulence  is 
generated  by  some  combination  of  particle  precipitation, 
field-aligned  currents  and  sheared  plasma  flows. 

The  multi-technique  CEDAR/VITS  high  latitude  campaign  of 
February  1988  offered  a  unique  opportunity  to  further 
Investigate  the  structuring  of  patches  and  arcs.  Co-ordinated 
measurements  carried  out  with  the  Sondrestrom  incoherent 
scatter  radar,  all-sky  Imagers,  orbiting  and  quasi -stationary 
satellites  and  lonosondes  allowed  us  to  present  a  study  of 
these  two  distinct  classes  of  large  scale  plasma  structures  and 
associated  turbulence  in  the  polar  cap  and  auroral  oval. 

RESULTS 
Polar  Cap  Arc 

On  February  11,  1988  a  prolonged  period  of  northward  IMF 
was  obtained  between  01-06  UT  as  Illustrated  in  Fig.  1.  We 
shall  show  that  this  period  was  marked  by  the  occurrence  of 
sun-aligned  polar  cap  arcs  (oJ. 

Fig.  2  shows  the  geometry  of  measurements  with  various 
radio  diagnostics,  hi  the  ground  station  in  Thule,  marked  TH 
((X3L  86**),  1.2  and  1.5  GHz  signals  from  the  Global  Positioning 
Satellite  (GPS)  and  250  MHz  transmissions  from  the  Polar  Beacon 
Satellite  (PBS)  were  continuously  monitored.  The  locus  of  the 
350  km  Intersection  point  of  the  raypaths  to  the  PBS  and  GPS 
satellites  are  indicated  in  the  diagram.  IXjring  this  campaign, 
the  AFOL  Airborne  Ionospheric  Observatory  was  parked  at  Thule 
and  it  was  used  to  perform  ionospheric  sounding  and  all  sky 
imaging  photometer  (ASIP)  measur^nts.  The  ASIP  detected  a 
polar  cap  arc  extended  in  the  noon-midnight  direction  and 
drifting  towards  dusk.  Fig.  2  also  shows  the  configuration  of 
the  arc  (shaded  lines)  at  0539  UT. 

Pigs.  3a  and  b  show  a  sequence  of  four  6300  A  images 
recorded  at  Thule  from  0531  to  0557  UT  on  February  11,  1988. 
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Figure  1.  Interplanetary  Hagnet I c  Field  (1MF>  obtained  by 
IMP-0  on  February  11,  1988. 


The  original  all-sky  lens  (180*  field  of  view)  linages  have  been 
transformed  to  a  geographic  projection,  and  the  polar  cap  Is 
displayed  as  If  viewed  from  above.  In  order  to  perform  this 
transformation,  an  altitude  of  250  km  was  assumed  for  the 
6300  %  emission  height.  Geographic  latitudes  from  65*  to  80*N 
are  shown  at  5*  Intervals,  and  geographic  longitudes  from  30* 
to  105*V  are  shown  at  15*  Intervals.  Two  arcs  are  visible  In 
the  0531  UT  Image  of  Fig.  3a,  a  faint  arc  almost  through  the 
zenith  of  Thule  and  a  brighter  arc  toward  the  east.  Both  arcs 
are  nominally  aligned  In  the  geographic  north-south  direction. 
At  this  Universal  Time  thid  la  also  the  approximate  orientation 
of  the  (^0  noon-mldnlght  meridian.  By  0539  UT  both  arcs  drifted 
toward  the  vest,  the  weaker  are  faded,  and  the  brighter  arc 
became  even  more  Intense  and  developed  a  fold  structure.  In 
the  0550  UT  Image  of  Fig.  3b,  only  the  brighter,  structured  arc 
remained.  During  the  Interval  0631-0550  UT,  the  dawn  to  dusk 
(westward)  drift  speed  Is  derived  to  be  approximately 
300-350  m/s  In  the  geographic  (eo-rotatlng)  frame  which  Is 
equivalent  to  180-230  m/n  In  the  Inertial  frame.  By  0557  UT 
the  arc  had  drifted  even  further  west,  however,  the  arc  faded 
and  was  below  the  ASIP  detection  threshold  after  this  time. 

The  location  of  the  350  km  sub- Ionospheric  point  from  Thule  to 
the  Polar  Beacon  satellite  has  been  Indicated  In  Fig.  2.  The 
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Figure  2.  Geometry  of  observations  on  February  11 »  1988 
Indicating  the  ground  stations  at  Thule  (TH),  Qaanaaq  (0A>,  and 
Sondre  Stromfjord  <S0>  and  the  locus  of  350  km  Intersection  for 
the  Global  Positioning  Satellite  (GPS)  and  the  Polar  Beacon 
Satellite  (PBS)  as  viewed  from  Thule.  The  shaded  region 
represents  the  polar  cap  arc  at  0539  UT. 

arc  drifted  Into  the  raypath  between  0539  and  0550  UT,  In  good 
agreement  with  the  onset  of  scintillation  at  0545  UT. 

Flo.  4  shows  the  chart  record  of  amplitude  scintillations 
observed  on  the  250  MHz  link  with  the  PBS.  It  indicates  that 
the  maximum  value  of  250  HHz  scintillations  attained  was  6.6  dB 
at  about  0550  UT  and  the  duration  of  the  scintillation  event 
did  not  exceed  12  minutes.  Combining  with  the  drift  speed  of 
200  ms~^  in  the  Inertial  frame,  we  obtain  that  the  arc 
associated  Irregularities  occupied  a  spatial  length  of  150  km 
in  the  dawn  to  ckjsk  direction. 

The  signal  from  the  PBS  satellite  was  also  received  by  a 
computer  controlled  phase  stable  receiver  which  measured  both 
amplitude  and  phase  scintillations.  The  amplitude 
scintillation  index,  S4,  defined  as  the  standard  deviation  of 
amplitude  fluctuations  normalized  to  the  average  signal  level, 
is  plotted  In  Fig.  5.  The  figure  also  shows  the  standard 
deviation  of  phase  fluctuations  (o^)  computed  with  a  detrend 
Interval  of  82  sec.  The  region  of  concentrated  amplitude  and 
phase  fluctuations  around  0550  UT  which  was  caused  by  the  arc 
may  be  noted.  The  amplitude  scintillation  was  rather  weak 
(S4  >  0.35)  as  we  also  noted  from  Fig.  4.  This  Implies  low 
values  of  Integrated  electron  density  deviation  within  the  arc. 
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Images  at  0550  and  0557  UT 
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Figure  4.  Amplitude  scintillations  of  250  HHz  transmissions 
from  PBS  caused  by  the  polar  cap  arc  and  recorded  at  Thule. 
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Figure  5.  Amplitude  and  phase  scintillation  Indices  S,,  and  o^ 
for  the  event  In  Fig.  4. 

The  Dlglsonde  256  (61  at  Qaanaaq  detected  the  polar  cap  arc  as 
an  enhanced  Imitation  structure  with  maximum  density  of 
2.5  X  10“  m~^,  a  minimum  virtual  height  of  about  ISO  km,  and  a 
heli^t  of  density  maximum  of  *vi70  lot.  The  neighboring  P*reglm 
had  densities  of  5  x  10^°  m"^  with  h'F  %  250  km  and  hm»M  of 
about  S60  km.  Fig.  6  shows  the  relative  values  of  total 
electrm  cmtent  (TBC)  obtained  from  the  OPS  Satellite  by  the 
use  of  differential  doppler  measurement.  It  Indicated  low 
values  of  TBC  aloM  a  slant  ray  path  through  the  arc  that  did 
not  exceed  2  x  10“  el  m~^. 
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Figure  6.  Relative  total  electron  content  derived  from 
differential  Doppler  measurements  with  the  GPS  satellite.  The 
absolute  values  are  arbitrary. 


Compared  to  S4  ■  0.35  the  observed  phase  scintillation 
magnitude  >  7  rad  was  large.  It  Is  known  that  the  magnitude 
of  with  ^asl -stationary  satellites  may  Increase  In  the 
presence  of  large  plasma  drifts  (4).  We  have  shown  that  In  the 
Inertial  frame  the  arc  drifted  with  an  average  speed  of 
200  ms~^  in  the  dawn  to  dusk  direction.  However,  large  plasma 
drifts  along  the  arc  (5).  which  are  not  detected  by  the  ASIP, 
may  have  caused  the  magnitude  of  plasma  drift  perpendicular  to 
the  ray  path  to  be  large,  thereby  Increasing  the  ox  values. 

The  amplitude  scintillation  spectra  showed  considerable 
broadening  Indicating  the  presence  of  large  drift  velocities. 
Figs.  7a  and  7b  show  ttio  samples  of  amplitude  scintillation 
spectra  Immediately  outside  and  within  the  arc  with  nearly  the 
same  values  of  S4.  Outside  the  arc,  computations  based  on 
Fig.  7a  Indicate  an  Irregularity  drift  speed  of  100  ms~^  across 
the  propagation  path.  A  factor  of  5  broadening  of  the  flat 
portion  of  the  spectra  In  Pig.  7b  suggests  drifts  within  the 
arc  of  about  500  ms'*  across  the  propagation  path. 

Overall,  the  polar  cap  are  observed  during  the  sunspot 
minimum  period  (8SN  ■  40)  was  associated  with  email  enhancement 
of  total  electron  content  and  caused  weak  amplitude 
scintillations  at  280  HHs.  The  measurements  Indicated  a  dawn 
to  (hiek  motion  of  the  are  at  about  200  ms~*  but  Implied,  In 
addition,  enhanced  plasma  flows  ('vfoo  ms'*)  along  the  length  of 
the  arc. 
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Figure  7.  250  MHz  amplitude  scintillation  spectra  (a)  prior  to 

and  (b)  during  the  encounter  of  the  propagation  path  with  the 
polar  cap  arc. 


Polar  Cap  Patches  and  Auroral  Blob 

On  February  18,  1988,  the  IMF  data  were  not  available  for 
the  period  of  observations.  However,  a  series  of  polar  cap 
patches  were  observed  on  this  night  which  signified  that 
probably  IMF  B.  southward  (B«  <  0)  conditions  had  prevailed. 

In  the  following  paragraphs,  we  ^all  discuss  the  results  of 
our  measurements  In  the  polar  cap  and  the  auroral  oval. 

Fig.  8  shows  the  geometry  of  the  observations.  At  Thule 
(TH),  the  GPS  and  PBS  satellite  measurements  were  performed  as 
explained  earlier.  During  the  period  under  discussion 
(2100-2300  UT),  two  PBS  satellites  were  monitored  successively 
as  Indicated  In  the  diagram.  The  AFOL  aircraft  parked  at  Thule 
made  ASIP  and  lonosonde  measurements.  At  Qaanaaq  (QA>,  the 
ASIP  and  Dlglsonde  161  measurements  were  made.  The  latter 
provided  electron  density  profiles  of  the  bottomside  F-layer 
and  measurements  of  polar  plasma  convection  171.  At 
Sondrestrom  (SO),  the  Incoherent  scatter  radar  (ISR>  provided 
east-west  (EV>  and  north-south  (NS>  scans.  The  parallels  of 
corrected  geomagnetic  latitude  (C^L>  through  Sondrestrom  are 
Indicated.  A  transit  of  the  Polar  Bear  satellite  occurred 
providing  scintillation  and  TEC  values.  The  locus  of  the 
Intersection  of  the  ray  path  with  350  km  and  100  km  altitude, 
as  well  as  the  satellite  position  mapped  down  the  magnetic 
field  line  to  100  km  altitude,  are  Indicated. 

Pig.  9  shows  the  Isodenslty  contours  In  the  altitude  vs. 

UT  framework  as  derived  from  the  Dlglsonde  measurements  made  at 
QA.  Two  patches  of  Ionization  were  detected  at  'v2200  UT  and 
2230  UT.  The  maximum  Ionization  density  In  the  first  patch 
attained  a  value  of  2.5  x  10^^  m~^.  Following  the  transit  of 
this  patch,  background  Ionization  density  of  7x10^*)  m'^ 
prevailed  until  the  second  patch  moved  In  at  2230  UT  for  which 
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Figure  8.  Same  as  In  Fig.  2  except  for  February  18,  1988.  It 
atso  shows  in  dotted  lines  the  corrected  geomagnetic  latitudes 
of  75®  and  80®,  the  E-W  and  N-S  scan  directions  of  Incoherent 
scatter  radar  (ISR)  observations  at  Sondrestrom  and  the  350  km 
intersection  of  the  ray  path  from  the  Polar  Bear  Satellite. 


a  maximum  ionization  density  of  3  x  10^^  m~^  was  obtained  at 
<\.2230  UT.  It  may  be  noted  that  on  the  leading  edge  of  the 
patch  the  Isodenslty  contours  are  crowded  indicating  that  large 
scale  density  gradient  existed  on  this  edge.  Over  the  trailing 
edge  of  the  patch  small  scale  irregularities  caused  a  spread 
signature  on  the  ionograms  as  indicated  by  'scatter  only* 
label.  The  Dlgisonde  drift  measurements  with  spaced  antennas 
yielded  an  average  anti-sunward  drift  of  550  mS~^  for  the 
ionization  patches  during  the  time  Interval  of  2155-2230  UT. 

For  anti-sunward  drift,  the  trailing  edges  of  the  patches  are 
expected  to  be  unstable  to  gradient  drift  Instability  in 
agreement  with  the  observations. 

Fig.  10  shows  the  temporal  variation  of  Intensity 
scintillations  observed  on  250  HHz  transmissions  from  the  PBS 
satellite.  The  first  scintillation  structure  around  2220  UT 
was  recorded  when  the  sub ionospheric  (350  km)  position  of  PBS 
was  located  to  the  north  and  west  of  Thule.  The  total  duration 
of  the  scintillation  structure  was  21  min.  From  Fig.  9,  we 
find  that  the  time  Interval  beti/een  the  peak  and  the  background 
Ionization  at  the  trailing  edge  of  Patch  1,  detected  by  the 
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Figure  9.  Isodensity  contours  obtained  from  digisonde 
measurements  made  at  Qaanaaq  Identifying  two  polar  cap  patches. 

THULE  FEB.  18-19, 1988  POLAR  BEACON  SATELLITE (250 MHx) 

INTENSITY  SCINTILLATION 


figure  10.  250  HHz  amplitude  scintillations  In  dB  obtained 
from  the  PBS  satellite  measurements  during  the  transit  of  polar 
cap  patches  1  and  2. 
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Digisonde,  was  about  23  min.  The  small  difference  between  the 
time  durations  of  the  scintillation  structure  and  the  patch, 
detected  by  the  Digisonde,  may  be  attributed  to  the  off-zenIth 
location  of  the  satellite  measurements.  After  2223  UT, 
scintillation  measurements  were  performed  with  the  PBS 
satellite  at  Its  new  position  to  the  south  and  east  of  Thule 
(Fig.  8>.  Patch  1  had  In  the  meantime  been  convected  past  the 
new  satellite  position  and  scintillations  caused  by  Patch  2 
were  recorded.  This  structure  exhibited  a  long  trailing  edge 
similar  to  that  observed  by  the  Digisonde. 

The  analysis  of  differential  Doppler  measurements  made 
with  the  1.2  and  1.5  GHz  transmissions  from  the  GPS  satellite 
yielded  two  clear  TEC  enhancements  at  2205  UT  and  2220  UT, 
marked  Patch  1  and  Patch  2  In  Pig.  11.  This  Is  In  agreement 
with  the  Digisonde  observations  discussed  above.  Compared  with 
the  brief  and  weak  TEC  enhancement  <2  x  10^^  m~^)  encountered 
In  the  polar  cap  arc  and  Illustrated  In  Fig.  6,  the  patches  are 
more  extended  In  altitude  with  TEC  enhancements  of  5  x  10^^ 
(Patch  1)  and  10  x  10^^  (Patch  2)  respectively. 


THULE,  GREENLAND  FEB.  18, 1988 


Figure  11.  Slant  relative  TEC  obtained  from  the  GPS  satellite 
measurements  during  the  passage  of  the  two  patches. 

Owing  to  overcast  conditions,  no  optica)  measurement  could 
be  performed  at  Thule  on  this  night  and  therefore,  the 
two-dimensional  optical  signatures  (enhanced  6300  of  patches 
could  not  be  obtained. 

We  shall  now  concentrate  on  the  results  obtained  at 
Sondrestron  during  this  time  period  when  measurements  at  Thule 
indicated  the  presence  of  antl-«inward  convecting  patches  in 
the  polar  cap.  The  Incoherent  scatter  radar  (ISR)  at 
Sondrestrom  made  successive  elevation  scans  at  azimuths 
parallel  to  and  perpendicular  to  the  azimuth  of  the  sun  at  that 
local  time.  Pig.  12  shows  the  Isodenslty  contours  of 
Ionization  density  in  the  framework  of  altitude  and  distance 
from  Sondrestrom.  The  results  were  obtained  by  making  an 
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Figure  12.  Ionization  density  contours  obtained  with  an 
elevation  scan  of  the  Sondrestrom  ISR  at  an  azimuth  of  15®. 


elevation  scan  at  an  azimuth  angle  of  15®  corresponding  to  a 
direction  perpendicular  to  the  solar  azimuth  at  this  corrected 
geomagnetic  local  time.  In  the  figure,  positive  distances 
along  the  abscissa  refer  to  locations  to  the  north  of  the  site. 
Likewise  the  negative  distances  signify  southern  locations. 

The  orientations  of  these  scans  with  respect  to  the  geographic 
and  corrected  geomagnetic  co-ordinates  has  been  indicated 
earlier  in  Fig.  8.  A  study  of  Figs.  12  and  8  Indicates  that 
the  poleward  edge  of  the  auroral  oval  moved  right  overhead  of 
Sondrestrom  corresponding  to  75®  C6L.  The  scan  revealed  the 
presence  of  an  E-reglon  arc  imnedlately  to  the  south  of  the 
station.  Above  the  arc,  the  existence  of  auroral  blobs  at 
F-region  heights  of  300  km  may  be  noted.  To  the  north  of  the 
station  density  enhancements  associated  with  polar  cap  patches 
are  obtained.  The  station  provided  a  sharp  demarcation  between 
the  auroral  oval  and  the  polar  cap.  During  these  measurements 
the  sky  was  clear  at  Sondrestrom  so  that  ASIP  measurements  are 
available.  The  ASIP  images  Indicated  that  the  polar  cap 
patches  were  drifting  towards  the  auroral  oval  181.  The  ISR 
data  Indicated  that  both  the  patches  and  the  blobs  were  moving 
perpendicular  to  the  auroral  oval. 

Fig.  13  shows  the  137  MHz  amplitude  scintillation  index 
(S4)  and  the  phase  scintillation  magnitude  (o^)  recorded  at 
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Figure  13.  Amplitude  scintillation  index  (84)  and  phase 
scintillation  Index  (cr^)  obtained  from  the  137  HHz  beacon 
tran^isslons  from  the  Polar  Bear  Satellite. 

Sondrestrom  when  the  Polar  Bear  satellite  made  its  transit  over 
the  station.  Three  prominent  phase  scintillation  structures 
may  be  noted,  the  first  two  corresponding  to  the  position  of 
the  satellite  south  of  75**  C6L  and  the  third  one  to  the  north 
of  it.  Combining  with  the  radar  results  discussed  above,  we 
may  conclude  that  the  first  two  structures  were  found  within 
the  auroral  oval  while  the  third  structure  was  in  the  polar 
cap.  Further,  the  first  phase  scintillation  structure  was 
associated  with  relatively  weak  amplitude  scintillation  and 
small  TEC  Increase,  whereas  the  remaining  two  corresponded  to 
one  pronounced  amplitude  scintillation  event.  Fig.  14  shows 
that  the  large  TEC  enhancement  was  associated  with  the  two 
phase  scintillation  events  and  straddled  the  poleward  edge  of 
the  auroral  oval.  Since  such  large  TEC  enhancements  are  likely 
to  be  associated  with  F-reglmi  structures,  the  second  and  the 
third  scintillation  events  appear  to  be  caused  respectively  by 
an  auroral  blob  and  a  polar  cap  patch.  It  should  be  noted  that 
the  second  scintillation  enhancement  is  partly  geometrical  in 
origin,  since  at  this  time  the  ray  path  became  aligned  with  the 
local  magnetic  L-shell.  The  first  phase  scintillation 
structure  located  inside  the  auroral  oval  and  associated  with 
negligible  amplitude  scintillations  presumably  arises- from 
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Figure  14.  The  total  electron  content  (TEC)  variations 
obtained  from  Polar  Bear  Satellite  observations.  The  absolute 
values  are  arbitrary. 

auroral  arcs  formed  by  particle  precipitation.  We  have 
recently  encountered  such  cases  which  indicate  that 
precipitation  Induced  E-reglon  structures  have  large  scale 
density  variations,  but  little  variations  at  small  scale  sizes 
necessary  to  cause  amplitude  scintillations.  We  should  also 
mention  that  the  UV  spectrometer  on  the  Polar  Bear  satellite 
registered  characteristic  auroral  emissions  at  1304  %  and 
1356  A  in  the  vicinity  of  75“  CGL. 

DISCUSSION 

The  results  of  February  11,  1988  indicate  that  under 
IMF  B.  north  conditions  polar  cap  arcs  oriented  along  the 
noon-midnight  meridian  drifted  from  dawn  to  dusk  over  the  dark 
winter  polar  cap.  In  this  phase  of  the  sunspot  cycle  with  the 
monthly  mean  sunspot  number  (SSN)  of  40,  the  background 
F-reglon  ionization  density  over  the  nlghtside  polar  cap  was 
only  of  the  order  of  7  x  10^®  m"^.  Within  the  arc,  the 
electron  content  enhancements  above  the  background  amounted  to 
2.5  X  10*®  m~^.  The  irregularities  within  the  arc  could  Induce 
amplitude  scintillations  at  250  MHz  with  S4  =  0.35  equivalent 
to  about  7  dB  peak  to  peak  fluctuations.  In  view  of  the  low 
electron  content,  it  is  not  possible  to  account  for  the 
observed  amplitude  scintillations  with  reasonable  estimates  of 
irregularity  amplitude,  AN/N  and  3-dimenslonal  Irregularity 
spectral  index,  p.  For  example,  with  AN/N  »  20%  at  an 
outerscale  of  20  km,  p  «  4  and  Irregularity  layer  thickness  of 
100  km,  S4  O'  0.09  at  250  MHz.  Consistency  between  TEC  and  S4 
values  can  be  obtained  if  the  power  law  spectral  index  is 
reduced  to  3.  It  is  quite  likely  that  the  irregularity 
spectral  Index  Is  steep  at  long  scale-lengths  and  shallow  at 
i^ort  scales.  Indeed,  in  velocity  ^ear  regions  associated 
with  the  arcs,  such  a  decrease  In  the  spectral  index  of  in-situ 
density  irregularities  at  short  scale-lengths  has  been  reported 
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[9].  Finally,  In  the  case  of  the  arc,  a  broadening  of 
amplitude  scintillation  spectra  was  observed  implying  that  in 
addition  to  the  dawn  to  dusk  motion  of  the  arc  there  occurred 
enhanced  plasma  motion  <'v,400  ms”*)  along  the  arc.  Such  levels 
of  plasma  drift  arising  from  sheared  plrima  flows  in  the  arc 
also  explains  why  phase  scintillation  index  of  7  radians  was 
obtained  in  conjunction  with  relatively  small  amplitude 
scinti I lations. 

On  February  18  a  succession  of  convecting  polar  cap 
patches  was  observed  at  Thule  and  Qaanaaq.  Similar  patches 
were  also  observed  at  Sondrestrom  moving  towards  the  auroral 
oval.  It  is  interesting  to  note  that  in  between  the  patches 
the  background  ionization  density  at  Thule  was  very  close  to 
that  encountered  on  the  arc  day  of  February  11.  But  the  TEC 
values  In  the  two  patches  attained  values  as  large  as 
5  X  10*®  m“2  and  10  x  10*®  m”^.  It  may  be  noted  that  during 
Feb  3-4,  1984,  with  the  monthly  mean  sunspot  number  of  85, 
patches  were  detected  with  TEC  varying  between  10  x  10*®  m"^  to 
15  X  10*®  m“^  above  a  background  level  of  5  x  10*®  m”^  1101. 
Model  computations  have  been  made  Ill]  to  demonstrate  how 
extended  transit  of  magnetic  flux  tubes  through  regions  of 
enhanced  solar  production  located  to  the  south  of  the  cusp  can 
form  polar  cap  patches  with  enhanced  ionization  density. 
Compared  to  the  arc,  the  TEC  values  within  the  patches  were 
higher  by  a  factor  of  2  to  4.  Amplitude  scintillation 
magnitudes,  however,  remained  within  a  factor  of  2  of  that 
obtained  with  the  arc.  This  Indicates  that  for  the  patches  we 
do  not  need  to  invoke  shallow  spectral  indices.  A  detailed 
study  on  the  spectral  Indices  of  scintillations  for  an  arc  and 
a  patch  can  give  much  insight  into  the  efficiency  of  generation 
of  short  scale  irregularities  in  velocity  shear  and  Interchange 
instabilities. 

At  Sondrestrom  the  N-S  scan  at  2257  UT  showed  that  the 
poleward  edge  of  the  auroral  oval  occupied  a  near-overhead 
position.  Auroral  arcs  were  formed  at  the  poleward  edge  of  the 
auroral  oval  at  altitudes  of  about  100  km  whereas  at  F-region 
heights  structures  with  enhanced  Ionization  Indicated  the 
presence  of  auroral  blobs.  On  the  poleward  portion  of  the 
radar  scans,  polar  cap  patches  were  detected.  Scintillations 
with  the  Polar  Bear  satellite  were  obtained  as  the  ray  path 
crossed  successively  the  arc,  the  blob  and  the  polar  cap  patch. 
The  ASIP  Images  combined  with  the  radar  measurements  revealed 
that  both  the  polar  cap  patches  and  the  auroral  blobs  were 
moving  perpendicular  to  the  auroral  oval.  The  presence  of 
irregularities  In  the  polar  cap  patches,  prior  to  their  entry 
Indicates  that  the  patches  get  continually  structured  as  they 
convect  over  the  polar  cap.  Future  campaigns  will  focus 
attention  on  the  convection  of  patches  into  the  polar  cap 
through  the  cusp  region  and  their  possible  exit  into  the 
auroral  oval . 
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Simultaneous  Density  and  Electric  Field  Fluctuation  Spectra 
Associated  With  Velocity  Shears  in  the  Auroral  Oval 

SuNANDA  Bash.'  Santimav  Basu.*  E.  MacKenzii-.’  P.  F.  Fougere,*  W.  R.  Coley,*  N.  C.  Maynard,* 
J.  D.  WlNM.VGIIAM,*  M.  SUGIORA.*  W.  B.  HaNSON,*  AND  W.  R.  HOEGY* 

Simuhiinc«u>  \alclliic  in  situ  measuremcnit  of  ilentiiy  (A.V.  Af)  and  electric  field  fiuclualion  |A£I 
vpecir.i  in  the  hifh-lalilude  ionmphere  are  preaenicd  using  two  orbits  of  Dynamics  Explorer  2  (DE  2) 
data  traverxing.  rcspectistl).  the  F  region  at  3S0  km  altitude  and  the  topside  ionosphere  at  900  km 
altitude.  The  spectral  study  was  primarily  confined  to  large  structured  velocity  regions  in  the  auroral 
(•sal.  Il>  means  of  the  very  complete  set  of  energetic  particle,  dc  and  ac  electric  field,  field-aligned  current, 
thermal  plasma  density,  and  temperature  measurements  available  from  DE  2,  we  were  able  to  identify 
two  categories  of  spectra  associated  with  velocity  shears  irrespective  of  the  height  of  the  satellite.  The  first 
category  was  obserted  in  very  intense  velocity  shear  regions  of  shear  frequencies  -  10  Hz  in  conjunction 
with  large  tietd-aligned  current  densities.  Under  these  conditions  the  spatial  spectra  of  AN/N  and  AE  had 
idcniical  power  law  indices  of  -  l.fi  ±  0.2  between  scale  lengths  of  approximately  10  km  and  200  m.  At 
scale  lengths  shorter  than  MO  m  the  A£  spectra  steepened  to  an  index  of  -3  ±  0.5  while  the  spectral 
index  of  A.V  .V  remained  dose  to  its  original  value  of  approximately  —  I.S±0.2.  with  large  power 
spectral  densities  observed  down  to  10  m  scale  lengths.  The  second  category  was  observed  in  more 
miKicrale  velocity  shear  regions  of  shear  frequencies  -  I  Hz  in  conjunction  with  weak  field-aligned 
currents.  In  this  case  the  slopes  of  the  density  spectra  were  essentially  unchanged,  while  the  A£  spectra 
had  a  much  sleeper  slope  of  —  3  ±  0.3  between  10  km  and  a  few  hundred  meters.  Other  factors  identify¬ 
ing  the  two  categories  are  as  fallows.  The  first  category  of  spectra  was  characterized  by  the  existence  of 
upwnrd  flowing  ions  with  conic  distributions  energized  to  .M  eV  and  possibly  O*  ion  cyeloiron  waves 
and  large  electron  temperature  enhancements.  The  second  category  of  spectra  was  associated  with  wave 
aeiiviiy  in  the  ‘t-  to  l^kHz  range,  most  probably  O*  lower  hybrid  waves,  and  occasionally  large*ion 
temperature  enhanv-emenls.  The  observations  of  ANiN  and  A£  spectral  behavior  are  compared  to  recent 
work  on  iwo-dimensuvnal  plasma  turbulence  theory  and  nonlinear  simulations  of  the  collisional  Kelvin- 
Helmholtz  IK  Hi  instability.  In  particular,  the  spectral  behavior  associated  with  the  moderate  velocity 
shear  category  agrees  well  with  some  recent  compulations  of  the  spatial  power  spectra  of  the  KH 
instability  (Keskinen  el  al..  19881. 


iNTRriOtTTHtN 

Velocity  shears  in  Ihe  background  convective  plasma  flow 
have  recently  been  invoked  as  a  source  of  subkilometer  scale 
irregularities  in  the  nighttime  auroral  F  region  [0asu  ei  a/., 
1984,  1986].  In  the  past,  particularly  at  high  altitudes  (>2000 
km|.  the  S3-J  spacecraft  detected  very  large  (-^0.5  V/m|  per¬ 
pendicular  (to  B|  electric  fields  with  spatial  scales  as  short  as 
kilometers  [fiforer  er  al..  1977].  These  authors  noted  that  the 
intense  dc  electric  fields  occurred  in  regions  of  extreme  plasma 
turbulence  and  txrere  generally  associated  with  field-aligned 
currents.  Other  spacecraft  measurements  have  also  provided 
evidence  for  high-latitude  electrostatic  turbulence  {Kelly  atJ 
Mo:er,  1972;  Klainer,  1976].  In  particular,  the  Hawkeye 
measurements  of  Klainer  ( 1976]  showed  that  velocity  field  (or 
electric  fiddl  irregularities  at  short  wavelengths  (less  than  a 
few  kilometersl  were  spatially  coincident  with  velocity  field 
irregularities  al  wavelengths  greater  than  about  100  km.  Fur¬ 
ther.  in  the  strong  shear  flow  regions  the  power  spectral  index 
of  the  vdocily  Held  in  the  short-wavelength  regime  was  found 
to  be  —  2.8  ±  0.3.  Mozer  [1971]  demonstrated  from  balloon 
electric  field  measurements  at  long  wavelengths  (greater  than 
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100  kml  that  the  power  spectrum  exhibits  a  power  law  vari- 
.Ytion  with  index  -1.6  ±0.3.  By  putting  together  Ihe  long- 
and  short-wavelength  measurements,  a  knee  was  found  in  the 
global  power  spectrum  between  3  and  30  km  scale  length 
{Kelly  and  KIniner,  1978].  As  a  result  of  this  spectral  form, 
Kelly  and  KImner  [1978]  concluded  that  there  was  evidence 
for  the  existence  of  two-dimensional  electrostatic  turbulence 
over  a  large  range  of  scale  lengths  within  the  auroral  oval. 

In  a  recent  review,  Klainer  and  Seyirr  [I98S.  p.  I2S]  point 
out  that  "the  interpretation  of  Kintner's  results  would  be 
greatly  facilitated  by  a  simultaneous  measurement  of  both  the 
density  and  electiic  field  fluctuation  spectra."  These  authors 
also  point  out  that  a  knowledge  of  the  density  and  temper- 
niufc  gradients  and  electron  precipitation  measurements 
would  help  in  identifying  the  source  of  the  observed  turbu¬ 
lence:  is  indeed  the  two-dimensional  turbulence  being  driven 
by  shear  flow,  or  is  it  being  driven  by  the  current  convective 
process  at  the  longer  scales  and  drift  waves  at  the  shorter 
scales  ( <  100  m|?  At  this  point,  it  may  be  worthwhile  to  men¬ 
tion  that  almost  all  linear  theories  of  plasma  instabilities  pre¬ 
dict  stabilization  of  small  scales  in  the  F  region  in  the  presence 
of  velocity  shears  {Cuzdar  el  a!..  1982:  Htdta  et  al.,  1983: 
Sni.vfiniirnvona  and  Ossokow.  1984]  and  only  recently  have 
nonlinear  simulations  indicated  the  generation  of  small-scale 
turbulence  by  means  of  secondary  instabilities  growing  on  the 
primary  waves  [Kestlnea  el  al.,  1988].  Another  possible 
source  of  turbulence  at  the  smaller  scales  could  be  current- 
driven  ion  cycloiron  turbulence  in  the  presence  of  velocity 
shear. 

It  is  the  object  of  this  paper  to  present  a  detailed  study  of 
simultaneous  deiMity  and  elMric  field  fluctuation  spectra  over 
a  large  scale  length  range  ( '•  10  km  to  10  ml  seen  in  asseci- 
niion  with  large  structured  convective  plasma  flows,  Aeld- 
aligned  currents  (FACk  and  particle  precipitation  at  high  lati- 
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tudes  by  using  the  multiple  sensor  data  on  Dynamics  Explorer 
2  (DE  2).  By  using  the  retarding  potential  analyzer  (RPA)  it  is 
possible  to  obtain  high-resolution  ion  (electron)  density 
measurements  and  study  the  spectra  ol  these  density  Irregu¬ 
larities.  The  vector  electric  Held  Instrument  (VEFI)  can  be 
utilized  to  obtain  a  simultaneous  electric  Held  fluctuation  spec¬ 
trum  of  the  dc  fleld  while  ■  20-channel  comb  Alter  spec¬ 
trometer  was  used  to  monitor  the  ac  electric  flelds.  The  shears 
in  the  background  flow  perpendicular  to  the  orbital  track  can 
be  measured  to  a  higher  resiolution  (than  with  the  VEFI)  by 
the  ion  drift  meter  (lOM)  on  board.  The  energetic  electron 
and  ion  precipitation  in  the  S-eV  to  32-keV  range  and  their 
pitch  angle  information  can  be  obtained  from  the  low-altitude 
plasma  instrument  (LA  FI),  while  the  FAC  flowing  into  or  out 
of  the  ionosphere  can  be  estimated  from  the  on-board  magne¬ 
tometer  (MAG-B).  The  associated  electron  and  ion  temper¬ 
atures  can  be  obtained  from  the  Langmuir  probe  and  RPA, 
respectively.  To  our  knowledge,  this  paper  presents  with  the 
above  data  set  the  most  detailed  analysis  of  simultaneous  den¬ 
sity  and  electric  field  fluctuation  spectra  observed  In  the  high- 
latitude  ionosphere. 

We  present  spectral  Information  and  data  from  the  above 
instruments  for  two  DE  2  orbits  traversing  the  high-latitude 
ionosphere  during  which  large  velocity  shears  were  observed. 
While  it  Is  more  common  to  find  larger  magnitudes  of  electric 
flelds  at  DE  I  altitudes  [W'efmer  et  al.,  I98S],  it  is  by  no 
means  unusual  to  find  small-seale  (several  kilometers)  100  mV 
m ' '  dc  electric  fleld  fluctuations  in  DE  2  data  obtained  al 
Ionosphere  altitudes,  as  will  be  evident  from  a  study  of  these 
two  orbits.  One  of  the  orbits  was  through  the  F  peak  region 
(320-4S0  km),  while  the  other  was  observed  in  the  to|Mlde 
ionosphere  (~  900  km).  The  observations  are  compared  to  the 
results  of  nonlinear  simulations  of  shear  flow  driven  Instabil¬ 
ities  and  predictions  based  on  two-dimensional  turbulence 
arguments,  particularly,  as  they  refer  to  the  Kelvin-Helmholtz 
(KH)  process. 

iNSTItUMeNT  DeSCItlPTION  AND  DATA 

Anai.yini  Mrtikim 

Detailed  description  of  the  DE  2  program  [Uoffman  and 
Schmerling,  1981]  and  all  the  instruments  on  board  was  pro¬ 
vided  In  Spare  Scitticf  Instrwnfntallofi  (volume  S,  December 
1981).  We  will  here  indicale  the  resolutions  of  the  dilTerent 
instruments  and  their  Impact  on  spectral  analysis  techniques 
and  estimations  of  various  gradient  scale  lengths. 

RPd 

The  RPA  provided  us  with  ion  density  N,  values  al  the  rale 
of  64  Hz  or  approximately  every  120  m  of  flight  path  [lfan.son 
ft  al.,  1981].  To  prevent  alladng,  (he  signals  were  passed 
through  a  three-pole  low-pass  Bessel  fliter  before  being  tele- 
metered.  These  high-resolution  density  measurements  were 
used  in  cofthmclion  with  the  maximum  entropy  (MEM)  tedi- 
nique  [see  Ftmgsre.  I9IS]  to  establish  spectral  forms  of  the 
density  inegulntlttes.  The  ionospheric  irregularity  measure¬ 
ments  were  extended  to  much  smaller  scale  sizes  with  the  help 
of  a  comb  fliter  bank.  Six  Alters  were  employed,  each  having  a 
bandwidth  of  a  fector  of  e  (2.72);  the  lowest  four  frequency 
ranges  and  mean  scale  sizes  from  which  useful  data  were  olv 
lahtod  are  reproduced  In  Table  I,  frum  Ha$uaa  n  of.  [1981]. 
The  IHtere  meaeure  the  mean  irregularlly  power  within  their 
reepeetive  bandwMtha  with  about  a  4S-ms  averaging  time. 
Tb^  outputs  are  sampled  every  2  s  within  a  period  of  .175  ms. 
By  combining  the  64-Hz  data  and  the  fliter  outputs.  It  Is  possl- 


TABLF  I.  Comb  Filler  Bank  CharaclerMlics  for  RPA 
Denrity  Dtia 


Filler 

Frequency 

Band,  Hz 

Mean  Scale 
Size,  m 

1 

32  86 

125 

2 

86  233 

46.5 

J 

233-630 

17.2 

4 

630  1700 

6.35 

Me  to  aludy  spectral  behavior  over  the  scale  length  range  of  10 
km  to  10  m.  The  ion  temperature  T,  is  measured  approxi¬ 
mately  once  every  second  by  t!ie  RPA. 


IDM 

The  IDM  measures  the  horizontal  (E-W)  and  vertical  com¬ 
ponents  of  ion  drift  at  the  rate  of  32  Hz  or  approximately 
every  240  m  along  the  orbital  track  [Iteells  el  al.,  1981].  Thus 
the  smallest  shear  that  can  be  measured  by  DE  2  in  the  E-W 
velocity  scale  is  approximately  0.25  km.  Since  the  largest  con¬ 
vection  velocities  observed  are  '-2.5  km  s"',  the  largest  shear 
frequencies  DE  2  measures  are  ~I0  Hz.  A  complete  vector 
velocity  measurement  is  obtained  once  per  second  with  (he  aid 
of  the  along-track  component  of  the  velocity  (the  ram  compo¬ 
nent)  measured  by  the  RPA. 

VEFI 

We  utilize  in  this  paper  the  .x  component  of  E  which  is 
along  the  spacecraft  velocity  vector  V,  and  is  therefore  ap¬ 
proximately  in  the  geographic  N-S  direction.  The  VEFI  used 
the  symmetric  double  floating  probe  technique  to  measure  the 
dc  electric  field  al  the  rate  of  16  Hz  iMaynard  el  al.,  1981]. 
Electric  flelds  generated  by  the  motion  of  the  spacecraft  across 
the  magnetic  field  (v  x  B)  were  calculated  using  a  model  B  and 
subtracted  to  obtain  the  ambient  electric  field.  In  the  F  region 
the  N-S  component  of  the  electric  field  is,  of  course,  respon¬ 
sible  for  the  E-W  component  of  the  plasma  motion.  We  used 
the  same  MEM  spectral  technique  as  was  used  for  the  density 
to  study  the  electric  fleld  fluctuation  data.  In  addition,  the  ae 

portion  of  the  electric  fleld  was  monitored  by  a  20-channel 
comb  filter  spectrum  analyzer.  This  spectrometer  Is  divided 
into  three  separate  fliter  banks:  two  eight-channel  banks  (A 
and  B)  covering  the  range  4-1024  Hz  and  one  four-channel 
bank  (C)  covering  the  range  1-512  kHz.  Spectrometer  A  fitters 
are  evenly  logarithmically  spaced  by  factors  of  2,  while  spec¬ 
trometer  B  contains  four  narrower  channels  in  addition  to 
four  that  di  plicate  channels  in  spectrometer  A.  The  measure¬ 
ment  axes  are  ±45'  from  the  velocity  vector.  For  the  data 
shown  in  this  paper,  spectrometer  B  was  assigned  to  the  axis 
closest  to  the  magnetic  Held,  and  A  and  C  were  on  the  axis 
aligned  most  nearly  perpendicular  to  the  fleld.  At  low  gain, 
spectrometers  A  and  B  cover  the  rms  range  of  5  pV  m~ '  to  9.5 
mV  m  ~ '  while  the  spectrometer  C  range  is  26  pV  m ' '  to  9.5 
mV  m*'.  Table  2  provides  frequency  ranges  covered  by  spec¬ 
trometers  A,  B,  and  C  and  the  approximate  mean  scale  length 
if  all  the  fluctuations  are  considered  spatial.  Considering  the 
dc  and  ac  data  together,  we  get  spectral  coverage  over  the 
range  10  km  to  10  m  as  was  obtained  for  the  densities.  For 
further  details  regarding  the  spectrometer  the  reader  is  re¬ 
ferred  to  Maynard  ef  of.  [1981]. 

LA  PI 

This  Instrument  contains  an  array  of  15  parabolic  elec- 
trostatic  analyzers  to  obtain  detailed  pitch  angle  disirlbutions 
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TABLE  2(1.  Conih  I  iller  Bank  Chiiriiclerisiics  for  VEFI: 
Speciromelcr  A 


filler 

Band^iidih. 

Hz 

Center 

Frequency. 

Hz 

Approximate 

Equivalent 

m 

1 

4-11 

6 

1300 

8  16 

12 

650 

y 

16-32 

24 

32$ 

4 

32-64 

48 

160 

5 

64-I2K 

96 

80 

6 

128-256 

192 

40 

7 

256  512 

384 

20 

« 

$12-1024 

768 

to 

of  ions  and  electrons  as  a  function  of  energy.  The  mode  of 
operations  for  these  passes  provides  a  16-point  energy  spec¬ 
trum  in  the  energy  range  5  eV  to  32  keV  every  second  from  16 
data  channels,  but  the  voltages  on  the  electrostatic  analyzers 
and  the  set  of  analyzer  outputs  sampled  are  selectable  to  allow 
for  greater  space,  time  resolution  over  limited  portions  of  the 
energy  and  angular  distribution  [H'iiiningham  el  a!.,  1981],  In 
this  paper  we  shall  display  color  spectrograms  of  energy 
versus  time  of  the  precipitating  electrons  and  ions  in  the  range 
S  eV  to  27  keV.  as  well  as  dux  versus  energy  plots  of  the 
precipitating  electrons  at  particularly  interesting  locations  in 
the  DE  2  orbit  such  as  in  the  regions  of  velocity  shears,  for 
instance. 

MAG-B 

The  magnetometer  on  OE  2  is  a  triaxial  flux  gate  sensor 
with  a  dynamic  range  of  62.000  nT  and  a  resolution  of  1.5  nT 
[Farthing  el  at..  1981].  The  data  to  be  shown  here  will  be  0.5-$ 
averages  of  the  magnetic  field  components  in  geomagnetic  co¬ 
ordinates  after  a  model  field  has  been  subtracted.  Changes  in 
this  difference  magnetic  field  can  be  interpreted  as  a  measure¬ 
ment  of  field-aligned  currents  assuming  that  the  FAC  extend 
spatially  in  the  direction  orthogonal  to  this  difference  (i.e., 
infinite  sheet  currents). 

LANG 

Finally,  we  use  measurements  of  the  electron  temperature  T, 
obtained  at  0.5-s  intervals  using  the  Langmuir  probe  {Kreh- 
hirl  et  al..  1981]  and  compare  it  to  the  ion  temperature  ob¬ 
tained  from  the  RPA  al  approximately  l-s  intervals. 

Multiple  Sensoa  laRECULAairv  Data 
From  DE  2 

We  present  in  this  section  the  simultaneously  obtained  den¬ 
sity  and  electric  field  fluctuation  spectra  from  two  DE  2  passes 


TABLE  26.  Comb  Filter  Bank  Characteristics  for  VEFI: 
Spectrometer  B 


Filler 

Bandwidth. 

Hz 

Center 

Frequency. 

Hz 

Approximate 

Equivalent 

A,  m 

1 

4-i 

6 

1300 

2 

16-32 

12 

630 

3 

4$-6l 

$4$ 

147 

4 

64-128 

96 

80 

$ 

lll-2$6 

218$ 

37 

6 

256-361 

.308$ 

26 

7 

36I-SI2 

436$ 

18 

8 

$12-1024 

768 

10 

table  2('.  Comb  Filler  Bank  Characierislics  for  VEFI : 
Speciromcicr  C 


Bandwidth. 

niter 

kHz 

1 

1  02-109 

2 

4  09  16 

3 

16-64 

4 

128-512 

through  the  high-latitude  ionosphere  in  the  presence  of  intense 
and  moderate  velocity  shears  along  with  supporting  data  from 
the  other  sensors  mentioned  in  the  Iasi  section  in  order  to 
provide  an  understanding  of  the  background  conditions  and 
the  sources  of  free  energy  that  are  associated  with  different 
types  of  spectra. 

Orhil  4429 

This  pass  traversed  the  winter  southern  high-latitude  iono¬ 
sphere  from  dawn  to  dusk  during  a  lime  of  moderate  magnetic 
disturbance  (Kp  =  4).  Figure  1  shows  a  projection  of  the 
vector  velocities  measured  by  the  I  DM  and  RPA  on  a  polar 
plot  in  an  invariant  latitude  (ILAT)-magnelic  local  time 
(MLT)  coordinate  system.  The  region  tetween  70“  and  80' 
ILAT  in  the  morning  sector  shows  intense  velocity  shears  with 
both  sunward  and  antisunward  velocities  greater  than  2  km 
s' '  being  observed  in  close  proximity  to  one  another. 

To  provide  an  overall  perspective  of  the  large-scale  density 
structure  that  is  associated  with  the  velocity  structure  shown 
in  Figure  I,  the  LANG  data  of  ion  densities  N,  for  the  entire 
dawn-dusk  portion  of  the  orbit  are  shown  in  the  top  panel  of 
Figure  2.  The  bottom  panel  of  electron  temperatures  7^  pro¬ 
vides  some  information  regarding  the  localized  regions  of  en¬ 
hanced  production  (see  discussion  in  the  work  by  Kofman  and 
Wickwar  [1984]  and  Robinson  el  al.  [1985]  on  local  heat 


OE-B  JON  DRIFT  VELOCITIES 
riLT  V  ILAT  southern  HEMISPHERE 

DAY  82146  UT  21.54  ORBIT  4420 


Fig.  I.  Vector  velocilv  measurements  using  IDM  and  RPA  for 
Di:  2  orhil  4429  through  Ihe  southern  high-latitude  ionosphere  on 
May  26.  I9R2.  helween  2I4.S  and  2206  UT. 
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Fig.  I.  LANG  me*suremenH  of  Ion  density  N,  and  electron  temperature  7^  observed  between  JI44  and  2204  UT, 
Numbers  1-4  represent  convecting  plasma  density  enhancements. 


production  rales  and  their  relationship  to  enhanced  ionization 
by  particle  precipitation).  Several  features  are  noteworthy.  The 
satellite  traverses  the  f  region  of  the  ionosphere,  encountering 
the  morning  trough  region  (with  its  low  N,  and  elevated  T, 
characteristics)  at  approslmately  2147  UT  at  an  altitude  of 
330  km.  In  the  structured  velocity  region  between  2149  and 
2154  UT,  N,  and  T,  are  both  found  to  fluctuate  with  T,  show¬ 
ing  a  dramatic  peak  of  900(rK  just  prior  to  2150  UT.  The 
high-resolution  data  for  T,  and  ion  temperature  T,  dervied 
from  the  RPA  near  this  peak  will  be  shown  laler  in  the  paper. 
The  gradient  In  the  bulk  density  observed  between  2148  and 
2152  UT  cannot  be  accounted  for  by  an  altitude  eflecl  since 
the  altitude  variation  is  only  50  km,  I.e.,  less  than  a  topside 
scale  height.  Thus  a  large-scale  horizontal  density  gradient 
also  exists  with  low  background  densities  of  5  x  10*  cm 
being  observed  in  the  dark  winter  polar  cap  and  the  larger 
densities  of  4  x  10’  cm  '  ’  seen  in  the  auroral  oval.  Four  very 
dear  discrete  density  structures  (marked  1-4)  are  also  ob¬ 
served  beyond  2154  UT.  Three  of  them,  located  In  the  polar 
cap  with  density  enhancements  of  2-4  over  the  background 
assodated  with  low  7^  values,  are  almost  certainly  patches  of 
ionization  convected  into  the  pol>T  cap.  Similar  patches  of 
ionization  drifting  in  the  polar  cap  during  magnetically  dis¬ 
turbed  times  have  been  reported  by  Weher  el  al.  [1984].  The 
fourth  structure,  near  the  equatorward  edge  of  the  evening^ 
auroral  oval,  is  probably  the  so-called  “boundary  blob"  [Kino 
el  al.,  1983;  IFeber  et  al.,  1985].  Since  the  object  of  this  current 
paper  is  to  study  density  and  electric  field  structure  in  assod- 
alion  with  velodty  shears,  we  exclude  from  Ihe  purview  of  this 
paper  Ihe  study  of  Ihe  Irregularities  assodated  with  the  con¬ 
vecting  blobs  in  Ihe  polar  cap  and  auroral  oval  and  confine 
our  spectral  study  to  Ihe  morningside  of  Ihe  oval  between 
2146  and  2154  UT,  within  which  Ihe  most  intense  velodly 
shears  were  observed. 

The  LAPt  data  for  the  above  period  are  shown  in  Plate  I. 
The  lop  pand  shows  Ihe  electron  energy  flux  between  5  eV 


and  27  keV  precipitating  in  the  ionosphere  al  a  pitch  angle 
(shown  in  the  third  panel)  of  45".  The  most  intense  electron 
precipitation  event  occurs  at  2149:45  UT.  The  lowest  panel, 
for  upflowing  ions  at  a  pitch  angle  of  1 35°,  shows  their  pres¬ 
ence  al  predsely  2149:45  UT.  A  careful  study  of  all  Ihe  pilch 
angles  confirms  that  these  upflowing  ions  are  ion  conics  which 
have  been  energized  to  10  eV.  The  altitude  of  Ihe  satellite  at 
this  time  is  350  km,  and  Ihe  background  thermal  plasma  den¬ 
sity  is  ~  2  X  10’  cm  ■  hence  Ihe  ion  energization  takes  place 
in  a  collisional  medium,  as  was  also  observed  earlier  in  rocket 
flights  [Foil  I’l  at..  I9R.T].  A  very  high  electron  temperature  of 
9000  K  w,rs  measured  at  this  lime  by  LANG.  Yau  el  al. 
[1983],  however,  observed  larger  ion  energization  without 
such  an  increase  in  electron  temperature.  Beyond  2150  UT  the 
electron  precipitation  is  in  Ihe  nature  of  intense  polar  rain. 

The  integrated  total  number  flux  and  Ihe  energy  flux  of 
downward  precipitating  electrons  [Lin  and  Hnjfman,  1982]  as¬ 
sociated  with  Ihe  electron  spectrogram  of  Plate  I  are  shown  in 
the  bottom  and  top  panels,  respectively,  of  Figure  3.  The  ion 
conic  is  associated  with  an  electron  number  flux  in  excess  of 
2  X  10'"  cm"*  s"'  and  an  energy  flux  of  10  ergs  cm"’  s"'. 
The  middle  panel  shows  that  Ihe  electron  density  integrated 
from  5  eV  to  27  keV  and  0"  to  90"  pilch  angles  is  as  large  as 
100  cm'  ’  compared  to  a  local  background  thermal  plasma 
den.silyof2  x  10’ cm"’. 

The  energetic  fluxes  when  used  in  a  modified  form  of  Ihe 
Spiro  el  al.  [1982]  formula  for  Hall  and  Pedersen  conduc¬ 
tivities  yield  Ihe  values  shown  in  Ihe  two  top  panels  of  Figure 
4.  The  modiflcnlion  used  five  average  energies  to  characterize 
Ihe  precipitating  fluxes  rather  than  a  single  energy  as  was 
done  by  Spiro  et  al.  Between  2149  and  2I49:.30  UT  the  mod¬ 
eled  Hall  Fonducllvily  Is  ns  large  ns  40  mhos  while  the  Ped¬ 
ersen  conductivity  Is  approximately  15  mhos.  Note,  however, 
Ihe  presence  of  very  sharp  conductivity  gradients  between 
2149:30  and  2150  UT.  The  Ion  conic  region.  In  particular, 
armirid  2149:45  Is  associated  with  very  sharp  gradients  of 
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Energetic  electron  and  ion  spectrogram  and  their  pitch  angle  information  for  the  period  2147-2154  UT  encompassing  the  upward 

Rowing  ion  event  at  2149:45  UT. 
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Fif.  }.  The  lolal  hiletraled  dcdron  number  flux  (bottom  panet), 
the  total  integrated  electron  energy  flux  (top  panel),  and  the  chKtron 
denxitlex  (middle  panel)  integrated  from  S  eV  to  27  keV  and  from  0° 
to  9(r  pitch  angfet  for  the  tpectrogram  xhoam  in  Plate  I. 


excess  of  10  ergs  cm"*  s"'  over  a  region  225  km  wide  (I.e,, 
over  30  s  of  satellite  path)  in  the  S„  region. 

In  Figure  5  we  plot  the  irregularity  amplitude  (AM/N)^  In 
the  middle  panel  as  a  function  of  position  of  the  satellite  be¬ 
tween  2I4A  and  2154  UT.  The  irregularity  amplitude  was  cal¬ 
culated  by  using  8  s  of  RPA  data  obtained  at  a  64-Hz  sam¬ 
pling  rate,  and  after  removal  of  large-scale  trends  using  a 
linear  detrending  algorithm.  We  also  show  in  the  bottom  and 
top  panels  of  Figure  S  the  logarithm  of  the  ion  concentration 
data,  obtained  from  the  RPA,  and  the  E-W  horizontal  drift 
obtained  from  the  IDM,  respectively.  There  is  a  region  of  low 
irregularity  amplitude  (~55li)  within  the  high-conductivity 
(S„)  region  between  2I49K)0  and  2149:30  UT  discussed  earlier 
and  a  series  of  irregularity  amplitude  peaks  of  -^20%  in  as- 


OE-2  ORBIT  #4429 


UTIHHttMt  2148 
ILAT(O)  62.9 
MLTCHRI  7.2 
ALTIKM)  395 
50 

40 

HALL  CORO  30 
(MHOSI 

20 
to 
0 
40- 


may  26. 1982 


2152 

79.8 

7.5 

379 


both  types  of  conductivities  and  intense  small-scale  FAC  as 
shown  in  the  third  panel.  The  magnetometer  on  board  DE  2 
shows  that  narrow  intense  upward  (positive)  and  downward 
(negative)  FAC  as  large  as  40  pA  m  ~  *  were  seen  in  association 
with  the  sharp  conductivity  gradients  between  2149:45  and 
2150  UT  (third  panel  of  Figure  4).  Beyond  2150  UT  (he  con¬ 
ductivities  are  small,  and  the  asaodated  FAC  are  small  except 
ibr  peaks  of  ±20  pA  m~*  near  2150:20  UT.  The  last  panel 
shows  the  32>Hz  tDhI  B>W  horizontal  drift  data  (N-S  d^rlc 
Held)  for  14  s  txrithin  the  high-condocttvity  gradient  and  hi^- 
FAC  region  (>  10  pA  m~*)  between  2149:40  and  2149:54  UT 
and  in  (he  low-omductivity  and  low*FAC  region  (~|  pA 
m '*)  between  2150  JO  and  2i  50:30  UT. 

As  mentioned  earlier,  hi  (his  paper  we  wish  to  present  the 
simultaneously  obtained  density  and  electric  Held  spectra  ob¬ 
served  fai  regimes  characterized  by  the  velocity  data  of  the 
type  shown  in  (he  last  panel  The  shear  fr«|oency  (highest 
vdodty/riiear  gradient  scale  length)  In  the  region  around 
2149:40  UT  is  10  Mz,  while  that  in  the  region  around  2150:20 
UT  is  I  Hz.  tn  snhaequant  rHagrams  wa  shall  show  spectra 
from  both  regions,  IdentHying  the  Koriner  as  5,  Ibr  the  Intense 
shear  category  and  the  hitler  as  5^  for  the  inoderate  shear 
category.  For  comparison  we  shall  also  present  a  spectrum 
from  a  region  whm  Mils  or  no  vafoclty  shear  Is  seen  hut 
urhich  is  associated  with  a  Mgh  unRorm  conductivity  re^on 
such  as  is  seen  around  2149  UT  In  (he  top  panel  of  Figure  4. 
This  class  of  spectra  will  be  MenHIled  by  the  symbol  to 
denote  the  hi^  B  region  conductivity  that  k  (he  mfl)or 
eharaclerislic  of  this  dass.  By  reference  to  the  lop  panel  of 
Figure  3,  one  notes  (hat  there  is  a  uniform  energy  Input  In 
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Fig.  4.  The  Hell  and  Pedersen  eondueliviiiee  (lop  two  panets) 
modeled  on  Hie  basts  of  the  predphailng  etedron  fluxes  shown  In 
Ptale  1,  Ihe  small-scale  neM-aRgned  current  Inienstlies  (with  upflow- 
Ing  currents  shown  positive)  from  the  magnetometer  (IhM  panel)^  and 
Ihe  hlgh-resoluilon  E-W  Ion  drills  for  two  periods  In  Ihe  high  fleld- 
aligned  current  bilenslly  regkm  and  low  fleid-aligned  current  iniensily 
redon  (bottom  panel).  The  three  arrows  In  Ihe  lop  and  bottom  panels 
labeled  S^.  S,.  and  are  beginning  times  for  three  l-e  periods  for 
which  spectral  analysis  Is  presented  tn  Figures  6  and  7. 
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over  S->  intervals  for  Ihe  period  3M6-2I54  UT.  S«.  S,,  and  have 
Ihe  same  meaning  as  in  Figure  4. 


sociation  with  Ihe  velocity  shears  shown  in  the  lop  panel 
(small  sections  of  which  were  shown  expanded  in  the  bottom 
panel  of  Figured). 

It  should  be  noted  that  there  is  a  fairly  prominent  peak  in 
&N/N  between  2147  and  2148  UT  which  is  not  related  to  any 
structure  in  the  velocity  (cf.  lop  panel  of  Figure  5),  but  rather 
to  a  steep  density  gradient  at  the  poleward  edge  of  Ihe  trough 
(cf.  third  panel  of  Figure  5  and  lop  panel  of  Figure  2).  This 
&N/N  structure  could  be  locally  generated  by  the  E  x  B 
gradient  drift  instability  [Keskfnen  and  Ossakow.  1983],  but  it 
b  in  all  probability  a  convected  structure  since  the  ram  com¬ 
ponent  of  the  velocity  which  would  drive  this  instability  is  also 
small  as  seen  in  Figure  2.  We  would  like  to  emphasize  that  the 
magnitude  of  6N/N  when  computed  over  8  s  of  data  (64  km 
of  path  length)  is  generally  dominated  by  tens  of  kilometer 
scale  irregularities,  as  in  a  power  law  environment  the  power 
spectral  density  (psd)  increases  with  scale  length.  Further,  the 
lifetime  of  such  scales  at  3S0  km  in  the  presence  of  classka) 
diffusive  damping  can  be  many  hours  in  the  dark  hemisphere 
{yiekrey  and  Kelley,  1982],  Thus  a  lO-km  scale  irregularity 
may  be  convected  great  dbtances  from  its  source,  and  its  can- 
tence  at  a  particular  location  does  not  necessarily  give  us  any 
indication  regarding  its  generation  mechanbm.  Since  the  diffu¬ 
sive  decay  rate  b  inversely  proportional  to  the  square  (rf  the 
scale  sin,  a  lOO-m  bregularity  will  decay  10*  times  faster  than 
a  lO-km  scale.  We  will  therrfore  present  later  (in  Figure  10) 
the  psd  of  l2S-m  and  46.S-m  irregularities  and  show  that  in 
such  convected  structures  the  psd  at  these  short  scale  lengths 
b  1-3  orders  of  magnitude  smaller  than  In  velocity  shear  re¬ 
gions  (which  act  as  sources)  even  though  (he  &N/N  samples 
computed  over  8  s  of  data  are  comparable.  It  b  important  to 
note  from  Figure  3  (hat  between  2147  and  2148  UT  the  inte¬ 
grated  energy  flux  is  low,  indicating  (hat  enhanced  £  region 
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conductivity  effect  (to  be  discussed  in  conjunction  with  Figure 
6h)  was  not  responsible  fur  the  reduced  psd  at  the  short  scales. 

Spectral  Analysis  of  Orbit  4429 

The  three  regions  selected  from  the  morningside  of  the  oval 
on  orbit  4429,  $„■  S,.  and  S^.  will  be  utilized  to  compare 
simultaneously  observed  density  and  electric  field  fluctuation 
spectra.  The  regions  can  be  characterized  by  high  uniform 
conductivity  and  negligible  velocity  shear  (5^);  by  intense  ve¬ 
locity  shear  and  high  FAC  (S,);  and  by  medium  velocity  shear 
and  low  FAC  (5„). 

It  should  be  noted  that  in  order  to  study  the  spectra  of 
density  and  electric  field  fluctuations  we  had  to  make  the 
assumption  that  measurements  of  spatial  structure  in  these 
quantities  made  on  the  satellite  are  Doppler  shifted  from  zero 
to  the  frequency  /  =  kV,/2«.  where  F,  is  the  satellite  velocity. 
In  this  palter  whenever  we  refer  to  wave  number  k  or  wave¬ 
length  /.  >>  2n/k,  it  is  based  upon  this  hypothesis.  In  Tables  I 
and  2  Ihe  conversion  from  spacecraft -measured  frequency  to 
scale  length  of  density  and  electric  field  irregularities  is  per¬ 
formed  on  this  basis.  This,  of  course,  assumes  “frozen  in  turbu¬ 
lence.”  In  section  3  of  their  review.  Kintner  and  Seyler  [1985] 
discuss  at  length  the  problems  of  interpreting  time  domain 
satellite  measurements  for  comparison'with  the  findings  of 
fluid  turbulence  theories  which  predict  power  laws  in  wave 
number  or  wavelength  space.  Actually,  the  determination  of  a 
unique  wave  number  spectrum  can  be  made  only  in  the  simple 
case  of  zero  phase  velocity  for  the  process  which  is  giving  rise 
to  the  irregularities  [Fredricks  and  Coroniti,  1976].  While  this 
assumption  may  be  generally  true  under  most  magnetospheric 
conditions  [Temerin,  1978;  Supiuro.  1984],  the  inclusion  of 
neutral  winds  into  (he  treatment  of  the  KH  instability,  for 
instance,  yields  a  finite  real  frequency,  i.e.,  nonzero  phase  ve¬ 
locity  [ICeskfnen  et  of..  1988],  which  may  provide  some  ambi¬ 
guity  in  the  interpretation  of  the  observed  s)rectra  to  be  pre¬ 
sented. 

In  Figures  6a  and  6b  we  present  the  data  for  three  8-s 
periods  of  density  fluctuations  and  their  spectra  estimated  by 
the  maximum  entropy  method  (MEM)  technique  using  30 
filter  weights  [Foupere,  1985].  The  beginning  times  of  the 
three  samples  are  indicated  on  the  diagram  and  also  identified 
on  the  top  and  bottom  panels  of  Figure  4  (S„,  5,.  S^).  A 
description  of  the  background  conditions  for  these  three  spec¬ 
tral  types  was  also  given  in  conjunction  with  that  diagram. 
T)ie  ambient  densities  and  irregularity  amplitudes  (after  re¬ 
moving  the  linear  (rend)  are  shown  in  the  right-hand  corner  of 
each  sample  in  Figure  6a.  It  is  important  to  note  that  the  top 
two  panels  have  similar  average  irregularity  amplitudes  (ap¬ 
proximately  20%)  and  have  similar  steep  gradients  and  high- 
frequency  structure. 

The  spectra  of  these  samples  shown  in  Figure  6b  have  shal¬ 
low  or  fairly  flat  low-frequency  behavior  and  well-defined 
high-frequency  roll-off  portions  which  can  be  described  by 
power  laws  in  Ihe  range  1-10  Hz.  Note  that  the  lop  curve  has 
been  shifted  upward  for  clarity  and  its  scale  is  on  the  right. 
The  bottom  curve  is  lor  data  obtained  in  a  high-conductivity 
region  (Sh)  which  shows  a  slope  of  —  2.4  ±  0.07  for  the  roll-off 
portion  (determined  between  the  two  points  on  the  curve)  and 
a  psd  at  10  Hz  which  is  approximately  10  dB  above  (he 
— 60-dB  noise  floor.  Wlien  we  eonsider  the  density  spectra  in 
Ihe  vclocily  shear  regions  either  associated  with  or  without 
high  FAC  (i.e..  either  5,  or  S^).  the  s|>eclra  seem  to  be  identi¬ 
cal,  having  power  law  indices  of  - 1.9  ±  0.01  and 
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rig.  6.  (a)  Three  8-s  umples  of  denAily  dale  for  lime  periods  Men- 
liried  in  rigure  4  as  S,  (bottom  panel),  S,  (middle  panel),  and  (top 
panel),  (b)  Their  oorroponding  masimum  entropy  spectra.  The  back¬ 
ground  Ion  densities  (N,)  irregularity  amplitudes  (AN/N}^  and  spec¬ 
tral  indices  are  indicated  in  the  respective  diagrams. 


-  2.0  ±  0.02,  reapectively,  and  both  having  pad  of  20  dB  above 
(he  noise  level  at  10  Hz.  The  steeper  slope  in  the  high- 
condtictivily  region  and  the  shallower  slopes  and  larger  psd 
seen  in  association  with  velocity  shear  are  consistent  with  ear¬ 
lier  observations  [Bom  et  al,  1984, 1986]. 

The  corresponding  north-south  component  of  the  dc  elec¬ 
tric  Held  data  and  spectra  are  shown  In  Figures  7«  and  7b.  The 
electric  Held  structure  in  (he  hlgh-conductlvity  region  (S„)  is 
minimal  with  AE  m  3  mV  m' '  as  shown  in  the  bottom  panel 
of  Figure  7a.  The  intense  structuring  of  (he  Held  In  (he  high- 
FAC  region  (5,)  Is  evident  with  AE  •  48  mV  m' '.  The  simi¬ 
larity  of  (he  etoric  Held  data  In  Figure  7a  and  (he  Ion  drift 
dale  in  Figure  4  is  aspectcd  in  the  ionospheric  F  region,  as 
both  (echniquds  are  valid  Indicators  of  (he  electric  Held.  The 
third  sample  taken  In  a  region  of  low  FAC  (S^i  shows  much 
less  high-ftequency  structuring  than  In  (he  previous  case,  with 
AE  22  mV  m* '.  The  (op  (wo  panels  of  Figures  6a  and  7a, 
le.,  (he  density  and  electric  field  waveforms  in  (he  N-S  direc¬ 
tion  in  the  vicinity  of  (he  sheared  plasma  Hows,  show  no  visual 
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correintion  with  one  another,  and  thus  no  cross-correlation 
studies  were  performed  on  them. 

The  MEM  spectra  of  the  electric  field  (using  20  filter 
weights  because  of  the  reduced  number  of  observations  In  the 
8-s  interval)  are  shown  in  Figure  7b.  In  view  of  the  8-Hz 
Nyquist  frequency,- the  slope  fitting  is  performed  in  the  range 
l-S  liz.  In  the  highly  conducting  region  (S^)  (he  spectral  slope 
is  quite  steep,  the  power  law  index  of  the  roll-off  portion  being 
—  3.4  0.02.  The  psd  at  S  Hz  is  only  3  dB  above  the  noise 

Door.  A  remarkable  change  of  both  spectral  shape  and  in- 
crea.sed  psd  at  the  high-frequency  end  is  evident  in  the  large- 
FAC  region  data  (5,).  The  spectral  slope  Ls  quite  shallow  and 
corresponds  to  a  spectral  index  — 1.6  ±  0.01.  In  this  case  the 
psd  at  S  Hz  is  40  dB  above  the  noise  floor.  Thus  there  is  an 
enormous  amount  of  power  in  the  dc  field  fluctuation  data 
down  to  1.6  km  as  compared  to  that  seen  in  the  high- 
conductivity  region.  By  considering  the  electrostatic  fluctu¬ 
ation  data  from  the  comb  filter  spectrometer  we  will  show 
below  that  enhanced  power  is  observed  at  all  scale  lengths 
down  to  10  m.  The  spectral  sample  obtained  in  (he  region 
has  a  power  law  index  and  psd  intermediate  between  those 
observed  in  (he  and  S,  regions.  The  power  law  index  in  this 
case  is  —  2.8  :t  ft-03,  and  (he  psd  at  S  Hz  is  20  dB  above  the 
noise  level.  There  Is  still  a  substantial  amount  of  power  at 
fluctuation  scales  of  approximately  I  km  but  far  less  than  the 
highly  enhanced  levels  seen  in  conjunction  with  very  large 
FAC  densities. 

Table  3  gives  the  slopes  of  the  density  {AN/N)  and  electric 
field  (AE)  spectra  In  the  approximately  10-  to  1-km  scale 
length  range  for  the  two  different  kinds  of  sheared  flows  en¬ 
countered  In  orbit  4429  and  also  in  orbit  1189,  which  will  be 
discussed  later. 

It  had  been  our  intent  to  provide  a  limited  statistical  study 
of  the  two  categories  of  velocity  shears  represented  by  the 
samples  S,  and  5^-  A  close  examination  of  the  velocity  data 
showed  that  for  category  S,  the  velocity  gradient  scale  lengths 
varied  between  250  and  750  m  and  the  shear  frequencies 
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ri(.  7.  (ui  Tlircc  *•»  wmpIcA  «>(  dc  ckclrk  lield  datt  wiih  the 
ciwrcrptimling  Af.  value.  |h|  Their  mavimum  entropy  spectra.  The 
limes  are  the  same  as  those  (or  Figure  6.  Note  that  the  spectrum  (or 
IIS*:24  UT  is  shown  in  the  middle  panel. 

varied  between  3  and  7  H*  with  some  examples  of  10  Hi  being 
occastonally  observed.  The  very  narrow  intense  FAC  densities 
of  the  order  of  several  tens  of  microamperes  per  square  meter, 
which  are  seen  in  assoeialion  with  the  targe  shear  frequencies 
characteristic  of  S,.  occur  in  such  limited  regions  of  space  that 
even  a  limited  statistical  study  is  precluded.  We  consider  this 
category  very  important,  however,  because  of  the  ctevaled  psd 
that  is  seen  al  the  smaR  scales  of  the  density  and  electric  Reid 
data,  which  wiR  he  presented  shortly.  This  indicates  that  the 
large-shear  regions  provide  an  intense  source  for 
plw^  deiisily  and  electric  ReM  irregularities  and,  although 
NiiHtcd  in  ffwce,  Ibcy  merfl  a  iwparatc  category, 

T^  class  represented  by  is  characterized  by  velocity 
gradient  scale  lengths  of  the  iwder  of  2-10  km  |l.e..  an  order  of 
magnitude  lariptr  than  in  S,l  and  shear  frequencies  varying 
bett^  0.1  and  I  Hz.  This  category  is  also  associated  with 
much  lower  smaR-scale  FAC  densities  of  a  few  microamperes 
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per  square  meter.  These  less  extreme  background  conditions 
are  observed  over  larger  regions  of  the  morning  oval  and 
provide  an  opportunity  for  a  limited  statistical  study.  Figures 
8ri  and  8h  provide  the  results  of  such  a  study  of  the  density 
and  electric  field  spectral  slopes  (computed  as  in  the  above 
s.imple  cases)  observed  during  the  period  2149:52-215408 
UT.  This  study  provides  further  substantiation  of  the  results 
obtained  with  the  case  study  for  category  S„.  The  density 
spectral  index  histogram  shows  a  prominent  peak  in  the  range 
of  —1.8  to  —2.0  with  approximately  half  of  the  24  samples 
falling  in  that  range.  A  total  of  80%  of  the  density  spectral 
samples  have  slopes  sl21.  The  corresponding  histogram  for 
the  dc  electric  field  spectral  slopes  of  31  samples  shows  a 
prominent  peak  in  the  range  -2.5  to  -3  with  75%  of  the 
population  having  slopes  >|2.5|.  Certainly.  If  one  were  to 
study  the  electric  field  fluctuation  spectrum  alone  near  veloci¬ 
ty  shear  regions  without  the  benefit  of  the  other  diagnostics 
available  on  DE  2,  one  would  most  likely  conclude  that  the 
most  probable  value  of  the  A£  spectral  slope  is  close  to  —  3. 
This  is  because  the  shallow  spectral  slopes  are  associated  with 
the  high-FAC  density  regions  (category  S,)  which  are  rela¬ 
tively  narrow  and  tend  to  be  averaged  out  in  a  statistical 
study.  Thus  earlier  studies  by  Kintner  [1976]  and  Kelley  and 
Klhiner  [1978]  quote  a  value  of  -  2.8  ±  0.3  as  the  slope  of  the 
AE  spectra  in  Ihe  several-kilometer  scale  length  range. 

To  extend  this  spectral  study  to  shorter  scale  lengths  of 
AN/N  and  AE,  we  utilize  Ihe  output  of  the  filter  combs  on  the 
RPA  and  VEFI,  described  earlier,  with  the  various  frequencies 
and  corresponding  scale  lengths  listed  in  Tables  I  and  2.  The 
routine  University  of  Texas  at  Dallas  (UTD)  density  spectral 
analysis  using  the  fast  Fourier  transform  (FFT)  technique  is 
shown  in  Figure  9  for  5j,.  the  data  for  which  were  shown  in 
the  top  panel  of  Figure  6a;  the  MEM  spectrum  of  Ihe  data 
was  shown  in  the  lop  panel  of  Figure  6h.  In  fact  the  power  law 
index  computed  from  the  FFT  algorithm  over  the  scale  length 
ranges  5-1  km  agrees  well  with  the  spectral  index  derived 
from  the  MEM  technique  computed  over  lO-l  Hi.  However, 
in  addition,  Ihe  four  samplings  (denoted  by  1-4)  in  8  s  of  the 
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TABLE  3.  Density  end  dc  Electric  Field  Fluctuation  Spectra  Power  Law  Indices  In  Velodty  Shear 

Regions  <2  ~  10  km  to  I  km) 


Intense  Shear  ( ~ 

lO-Hz  Frequency) 

Moderate  Shear  ( ~ 

t-Hz  Frequency) 

AN/N 

AE 

AN/N 

AE 

Orbit  4429 

-1.9  ±0.01 

-1.6  ±0.01 

-2.0  ±0.02 

-2.8  ±0.03 

Orbit  1189 

-1.9  ±0.01 

- 1.8  ±  0.01 

-1.7  ±0.08 

-3.6  ±0.03 

filter  outputs  have  also  been  added  to  the  FFT  spectra  (cf. 
Table  I),  and  a  linear  least  squares  fit  is  indicated  through  the 
points.  The  power  law  index  of  this  latter  portion  Is  —2.6. 
(Note  that  the  psd  of  the  cluster  of  points  at  6.3S  m  scale 
length  Is  below  i0~*  liz~'  and  Is  thus  not  shown  on  the 
diagram.)  By  reading  olT  the  psd  of  the  best  fit  straight  line,  for 
example  at  the  first  two  dusters  of  points  at  125  m  and  46.5 
m,  respectively,  it  Is  possible  to  determine  the  power  in  the 
density  fluctuations  al  the  shorter  scales.  In  Figure  10  we  plot 
the  psd  al  125  m  and  46.5  m  observed  between  2147  and  2154 
UT  as  read  off  from  the  best  fit  straight  line  of  successive  8-s 
spectra,  an  example  of  which  is  shown  in  Figure  9.  It  is  Im¬ 
mediately  obvious  from  Figure  10  that  the  largest  psd  at  both 
scale  lengths  are  observed  in  the  large  structured  velocity  re¬ 
gions  (near  5,  and  5^).  The  psd  falls  2-3  orders  of  magnitude 
in  the  high-conducliviiy  region  (5|i)  around  2149  UT  and  is 
also  diminished  by  i-3  orders  within  2147-2148  UT,  which,  as 
discussed  earlier,  is  probably  a  convected  structure.  Beyond 
2151  UT  the  psd  is  found  to  decrease  in  concert  with  the 
reduced  structures  in  the  velocity.  Since  50-m  scale  lengths 
have  short  lifetimes  of  the  order  of  a  minute  [Ffckrey  anJ 
Kelley,  1982],  large  psd  al  this  scale  length  most  probably 
Indicales  that  velocity  shears  in  the  convective  plasma  flow 
provide  a  source  for  such  irregularities.  While  a  histogram  for 
the  spectral  slopes  of  the  125-m  to  6-m  Irregularities  within 
the  Sm  category  is  not  shown,  it  is  important  to  note  that  the 
slopes  are  somewhat  sleeper  than  those  observed  for  their 
longer  scale  length  counterparts  (Figure  8<i),  80%  showing 
values  of  >  |2.0(  with  a  mean  value  of  —  2.3. 


Several  ac  electric  field  fluctuation  (ACE)  spectra  obtained 
from  spectrometers  A,  B,  and  C  of  VEFI  corresponding  fairly 
closely  in  time  to  the  dc  electric  field  spectra  shown  in  the  lop 
two  plots  of  Figure  7h  are  presented  in  Figures  I  la  and  lib. 
The  ACE  spectra  in  the  high-conductivity  region  correspond¬ 
ing  to  the  bottom  plot  of  Figure  7b  have  little  power  above 
the  Instrument  noise  threshold  and  so  are  not  shown.  Figure 
I  la  shows  two  spectra  obtained  in  the  intense  shear  and  large- 
FAC  region  (S,)  al  2149:45  and  2149:50  UT.  Very  large  psd, 
about  5  orders  of  magnitude  larger  than  the  instrument  noise 
threshold.  Is  seen  al  the  three  lowest  frequencies  of  both  spec¬ 
tra.  Since  both  spectrometer  A  and  B  outputs  are  similar,  the 
description  will  be  given  in  terms  of  the  frequencies  used  in 
spectrometer  A.  A  power  law  Index  of  — 1.8  is  seen  between  6 
and  24  Hz  (A  —  1300-325  m)  which  agrees  well  with  the  index 
of  — 1.6  of  the  dc  fluctuation  spectra  observed  at  longer  scales 
over  the  8-s  S,  interval.  Beyond  24  Hz  there  is  a  noticeable 
steepening  of  the  spectral  slope  at  both  times  to  a  value  of 
—  2.6  while  the  spectrum  at  2149:50  also  shows  an  interesting 
shoulder  between  96  and  384  Hz  (2  =  80-20  m).  Such  a  shoul¬ 
der  had  been  seen  earlier  in  the  dayside  cusp  region  by  Curtis 
et  al.  [1982]  al  similar  altitudes  and  attributed  to  O*  ion 
cyclotron  waves.  Because  of  the  existence  of  the  Ion  cyclotron 
related  shoulders  in  the  ACE  spectra,  which  cause  a  variability 
In  the  measured  slopes,  It  is  diflicull  to  list  them  in  a  definitive 
manner  as  was  done  for  the  longer  X  range  in  Table  3.  It  is 
also  important  to  note  that  a  steepening  between  384  Hz 
(2  —  20  m)  and  768  Hz  (2  —  10  m)  could  be  partially  due  to 
the  antenna  length  of  21  m  used  in  the  experiment.  It  has  been 
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Fig  8.  (a)  The  histograms  of  spectral  indices  of  density  and  (b)  dc  clectrie  field  fiuclualions  for  the  period  2149:52- 

21544)8  UT. 
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Fig.  4.  The  FFT  spectra  for  the  t-s  density  sample  shown  in  the  top  panel  of  Figure  6a.  The  numbers  1-4  at  the  short 
scale  length  end  |  <  125  ml  represent  four  successive  outputs  within  8  s  from  the  filler  comb  listed  in  Table  I.  The  best  fit 
straight  line  through  the  comb  filler  output  is  shown.  The  letters  F  at  the  long  scale  length  end  indicate  a  filter  output 
representation  of  FFT  spectra  similar  to  that  of  the  numbers  1-4. 


shown  earlier  that  irregularities  with  a  scale  length  smaller 
than  the  antenna  length  will  suffer  attenuation  by  a  variable 
factor  depending  on  the  length  of  the  antenna  in  relation  to 
the  scale  length  being  studied  [^Ttmerin,  19783. 

Wave  activity  as  monitored  by  the  spectrometer  C  output  is 
minimal,  particularly  in  the  O*  lower  hybrid  (Lll)  frequency 
ninge  of  4-16  kHz.  This  particular  filler  output  is  marked  by 
an  arrow  on  both  spectra.  It  appears  that  O'  LH  waves  are 
generally  weak  in  the  S,  regions  characterized  by  high  FAC. 

In  Figure  lib  are  plotted  two  ACE  spectra  obtained  at 
3150:10  and  2150:30  UT  which  are  assodaied  with  the  lesser 
sheared  flows  and  smaller  FAC  in  region  S^.  Two  major  dif¬ 
ferences  are  noted  between  these  two  spectra  and  those  shown 
in  Figure-  I  la.  First,  the  spectral  index  at  the  three  lowest 
frequencies  is  much  sleeper,  being  of  the  order  of  —3.  and. 
second,  the  wave  activify  in  the  O*  LH  frequency  range  is  2 
orders  of  magnitude  more  intense.  The  fact  that  the  spectral 
index  is  sleeper  is  consistent  with  the  MEM  spectral  analysis 
of  the  dc  data  in  the  regime  (Figure  7b|.  It  also  seems  likely 
that  the  background  conditions  that  characterize  the  S,, 
regime,  namely,  moderate  velocity  shears  and  small  FAC  in¬ 
tensities.  are  associated  with  O  *  LH  waves. 

The  two  classes  of  ACE  spectra,  namely  those  shown  in 
Figures  I  la  and  lib.  are  sufltcienily  different  in  their  spectral 
slopes  and  assoa'aied  wave  behavior  to  merit  further  study. 
One  major  difference  seemed  to  be  in  the  type  of  particle 
precipitation  as.socialed  with  the  two  different  regimes.  Figure 
13a  shows  a  typical  electron  energy  spectrum  obtained  at 
3149:50  UT  in  the  ion  conk  region  with  intense  velocity  shear 
and  high  FAC.  while  Figure  12b.  obtained  at  2150:09  UT.  is 
its  counterpart  in  the  weaker  shear  and  low-FAC  region.  In 
the  first  case  the  flux  of  clecirons  even  at  10  keV  is  more  than 
an  order  of  magnitude  larger  than  the  Instrument  threshold 
(shown  with  the  solid  Kne)  while  in  the  second,  there  is  no  flux 
at  energies  >  700  eV.  (Note  that  the  two  spectra  are  plotted 
on  two  different  ordinate  scales.)  Even  at  the  low  energies 
( ^  100  aV)  the  number  flux  is  an  order  of  magnitude  larger  in 
the  ion  conk  region,  and  at  10  eV  It  is  2  orders  of  magnitude 
larger.  Heells  el  al.  [19843  have  shown  that  this  low-energy 
component  has  the  characteristics  of  suprathermal  bursts,  de¬ 
scribed  earlkr  by  JnUnstone  and  H'tnninf/ham  [19823.  superim¬ 
posed  on  the  background  energetic  Maxwellian  population. 
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The  second  class  of  particle  energy  spectrum  is  similar  to 
intense  polar  rain  with  its  low  average  energy.  This  spectral 
type  is  associated  with  the  O*  LH  wave  activity.  The  back¬ 
ground  energetic  population  is  missing  in  this  case,  and  the 
number  fluxes  are  smaller  than  in  the  conic  region. 

The  second  major  difference  is  in  the  electron  T,  and  ion  T, 
temperature  behavior.  It  was  briefly  mentioned  in  connection 
with  Figure  2  that  T,  showed  a  dramatic  peak  of  9(XX)^K  Just 
prior  to  21 50  UT.  In  Figure  1 3  we  show  the  highest-resolution 
measurements  of  T,  from  LANG  and  T,  from  RPA  for  a  I -min 
period  commencing  at  2149:30  UT.  We  note  that  between 
2149:46  and  2149:52  UT.  r,/r,  is  approximately  2  with  7; 
being  4000’K  and  T,  reaching  values  as  high  as  9000°K.  This 
is  the  period  of  lime  that  the  ion  eonics  are  observed  and  the 
electrie  field  spectra  show  shallow  slopes.  The  high  7;  regions 
where  TJ/T^  ~  2  with  T,  varying  between  4000°  and  5000°  K 
arc  all  associated  with  steep  ACE  spectra,  but  the  O*  LM 
wave  activity  is  greatly  enhanced  such  as  is  seen  at  2150:10 
UT  in  Figure  I  lb.  However,  we  wish  to  point  out  that  7]  >  T, 
is  not  a  necessary  condition  for  high  O*  LH  wave  activity  to 
take  place.  At  2150:30  UT  when  7^  >  7J,  O*  Lll  waves  are 
still  fairly  intense.  What  seems  to  be  more  important  is  the 
precipitation  of  electrons  with  an  energy  spectrum  similar  to 
that  shown  in  Figure  12b. 

OrhU  IIS9 

This  orbit  of  the  DE  2  satellite  traversed  the  morning  sector 
of  the  northern  auroral  oval  al  900  km  altitude  on  October 
22.  1981,  during  a  magnetically  disturbed  period  (Kp  «  7-). 
This  orbit  was  used  by  llrelis  ei  al.  [19843  to  study  the  elec- 
Irodynamic  properties  of  the  ionosphere  when  a  high  FAC 
density  of  the  order  of  100  pA  m"’  flows  at  about  900  km 
altitude. 

Plate  2  shows  the  LAPI  data  for  this  orbit  reproduced  from 
Heells  et  al.  [19843  in  a  format  similar  to  that  of  Plate  I  (or 
orbit  4429.  In  this  case  the  most  intense  electron  precipitation 
is  seen  near  2255:30  UT,  and  it  is  accompanied  by  a  low- 
energy  (.30  eV)  ion  burst  with  a  pitch  angle  distribution  that  is 
not  of  a  classic  conic  type  but  is  more  consistent  with  both 
parallel  and  perpendicular  qcceleration  of  these  ionospheric 
ions.  The  thermal  plasma  density  in  the  vicinity  of  the  conical 
distribution  was  5  *  lO*  cm"*  in  this  case,  a  factor  of  4 
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rig.  10  The  power  speciral  density  at  125  m  and  46.5  in  read  olT  from  the  hesi  fit  straight  line  such  as  is  shown  in  Figure 
9  for  the  period  2147-2154  UT.  S„.  S,.  and  S„  have  the  same  meaning  as  in  Figure  4. 


smaller  than  in  orbit  4429.  consistent  with  the  higher  altitude 
of  orbit  1 1 89. 

The  ion  concentration,  three  components  of  the  ion  drift, 
and  the  E-W  component  of  the  magnetic  field  are  reproduced 
from  llcelis  rl  at.  [1984]  in  Figure  14  for  the  period  2250- 
2258  UT.  within  which  large  structured  velocities  were  ob¬ 
served.  To  these  panels  we  have  added  a  top  one.  which  exhib¬ 
its  the  irregularity  amplitude  {ANIN\,„  over  8  s  of  data  simi¬ 
lar  to  that  which  was  shown  in  Figure  5.  In  this  case,  as  in 
Figure  5,  we  note  a  large  peak  in  dAf/Af  at  2251 :30  UT  which 
is  associated  with  the  poleward  edge  of  the  trough  but  with 
little  velocity  structure  in  the  ram  direction.  In  conformity 
with  the  earlier  case,  the  psd  at  short  scales  is  much  reduced  in 
this  structure,  as  may  be  observed  from  Figure  18.  to  be  pre¬ 
sented  later.  Several  large  peaks  in  irregularity  amplitude  as¬ 
sociated  with  velocity  shears  are  noted  beyond  2253  UT  with 
the  largest  peak  being  observed  in  conjunction  with  the  sharp¬ 
est  gradient  in  the  horizontal  drift  (i.e..  N-S  electric  field).  A 
very  sharp  gradient  is  also  observed  in  the  ^  component  (i.e.. 
E-W)  of  MAC-B  data  which  lletlli  el  at.  [1984]  estimate  to 
)>e  caused  by  an  upward  FAC  density  of  80  //A  m"’.  TItese 
authors  further  note  that  an  upward  thermal  velocity  (negative 
parallel  drift)  is  observed  between  2254  and  2256  with  ih« 
most  intense  upward  thermal  Duxes  being  observed  at  the 


maximum  gradient  of  AB,  at  2255:30  UT.  Thus  the  earlier 
work  of  these  authors  provides  a  fairly  comprehensive  descrip¬ 
tion  of  the  background  conditions  in  which  our  density  and 
electric  field  spectral  characteristics  are  embedded. 

Spet  inil  Analysis  of  Orhii  1189 

We  show  in  Figures  1 5o  and  1 5h  two  samples  of  8-s  high- 
resolution  density  data  commencing  at  225S-.24  and  2255.40 
UT.  By  referring  to  the  AB^  panel  of  Figure  14  we  note  that 
the  first  sample  is  as.socialed  with  the  largest-FAC  region  (S,) 
while  the  second  one  is  associated  with  a  much  smaller  gradi¬ 
ent  and  hence  a  much  lower  FAC  region  (S^).  The  irregularity 
amplitude  is  t4.7'!;>  in  the  first  case  and  5.2*/,.  in  the  second. 
However,  since  high-frequency  structure  is  evident  in  both,  the 
spectral  indices  in  Figure  I5h  are  virtually  identical,  both 
being  slightly  shallower  than  —2,  as  was  also  observed  under 
simitar  conditions  in  orbit  4429. 

Figures  1 60  and  1 6/1  show  the  corresponding  electric  field 
data  and  their  spectra.  There  is  a  fairly  drastic  variation  ob¬ 
served  in  the  electric  field  data  in  Figure  I6<i.  and  this  is 
reDected  in  the  corresponding  spectra  shown  in  Figure  1 66 
with  the  high-FAC  region  (S,)  showing  a  slope  similar  to  that 
of  the  density  spectra,  while  in  the  smatl-FAC  region  {S„)  the 
electric  field  spectrum  is  much  steeper  than  tlie  density  spec- 
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Fig.  Ur.  Two  !■>  ac  electric  field  fiucluation  apectri  obtained  at  2149:45  and  2149:50  UT  In  the  S,  region.  The  arrowi 
indicate  theO*  lower  hybrid  wave  frequency  range.  The  noise  threshold  of  the  Instrument  is  shown. 


trum.  It  Is  encouraging  to  note  that  this  basic  description  of 
these  two  classes  of  AN/N  and  AE  spectra  Is  valid  for  both 
DE  2  orbits  even  though  the  data  are  obtained  from  two  quite 
different  altitudes,  is  is  evident  from  Table  3. 

A  limited  statistical  study  confined  only  to  the  regime 


(for  the  reasons  outlined  in  coqiunction  with  orbit  4429)  is 
shown  in  Figures  17a  and  I7h  for  the  period  covering 
2255:32-2258^)4  UT.  The  data  again  portray  a  prominent 
density  spectral  peak  In  the  - 1.8  to  -2.0  range  with  90%  of 
the  samples  showing  a  slope  <|2|.  The  electric  field  spectra 


82146  0RBIT#4429 
OE-2  VEFI  Ac  SPECTRA 


Fig.  Ilh.  Two  l-s  ae  dectrle  field  Ructuallon  spectra  obtained  at  2150:10  and  2150:30  UT  In  the  region.  The  arrows 

have  the  same  meaning  as  In  Figure  I  la. 
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Fig.  12.  Encrgeiic  electron  precipitation  spectra  al  2I49:S0  (in  the  5,  region)  and  al  2IS0:09  (in  the  region).  The 
straight  line  on  the  spectra  indicates  the  lowest  signiricani  counts  in  each  channel. 


clearly  show  the  existence  of  much  steeper  slopes  than  the 
density,  with  75%  being  >  p.0|.  Thus  even  the  statistical  stud¬ 
ies  (albeit  limited)  of  AN/N  and  AE  spectra  in  the  S„  regime 
belonging  to  the  two  DE  2  orbits  agree  well  with  one  another, 
with  the  higher-altitude  orbit  showing  somewhat  steeper  AE 
spectral  slopes  than  its  lower-altitude  counterpart. 

To  extend  the  study  of  spectral  behavior  to  shorter  scale 
lengths  for  the  density,  we  utilize  the  UTD  spectra  and  plot,  in 
Figure  18,  the  filter  output  at  125  m  as  a  function  of  time 


through  the  dilTuse  auroral  region  up  to  approximately  2253 
UT  (cf.  Plate  I)  where  one  sees  little  velocity  structure  (cf. 
Figure  14)  and  into  the  highly  structured  velocity  region 
beyond  that.  We  note  about  2  orders  of  magnitude  less  power 
at  125  m  in  the  convected  structure  and  diffuse  auroral  regions 
as  compared  to  the  structured  velocity  region  indicated  by  S, 
and  5m.  The  psd  at  46.5  m  exhibits  similar  behavior  and  is  not 
shown  here. 

The  ACE  fluctuation  spectra  in  the  large-  and  small-FAC 
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Fig.  I.T  High-resolution  electron  (7;)  and  ion  (Tj)  temperatures  observed  between  2149:30  and  2150:30  UT. 
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Fig.  14.  Tlic  hm  concenlrillon  (bollom  piiwt),  three  oomponenls 
of  Ion  drift,  the  mignelomcler,  and  the  Irregularity  amplitude 
(An/N)^  computed  every  I  a  for  the  period  2250-2231 UT. 


regioiu  arc  atiown  in  Pigurea  I9d  and  I9h.  Again  a  great 
degree  of  aimilarlty  ia  teen  in  their  apectral  ahiipt  when  com¬ 
pared  with  their  oonnterparta  for  ortrft  4429  ahodrn  in  PigutPd 
I  la  and  llh.  The  high-PAC  region  ACE  apectrum  of  2235:30 
thowa  a  thaNow  tiope  at  the  three  loteeat  Aeqtleiteiet  and  a 
flattening  in  thO  48-  to  98-tta  ranle.  ttetlli  at  af.  [1984]  point 
out  that  it  it  poaalMe  for  the  O*  Ion  cjrclottoti  wave  to  he 
Doppler  ahNlad  to  toeh  beqnenciea.  VIrtaalty  ncgllgihle  wave 
activity  near  the  O*  LH  fr^ueney  It  obaiwv^  In  Figure  19a. 
In  contraat,  a  much  ateepcr  tpeetrum  it  ohehrved  at  the  lowett 
hequendea.  tnd  more  than  fen  otdet  of  malnitude  pad  en¬ 
hancement  it  teen  in  the  O*  LH  wave  bind  at  2293:40  tfT. 


Again  we  find  a  remarkable  conaiatency  In  the  ACE  apectral 
behavior  between  orbit  4429  and  orbit  1 189. 

The  high-reaolution  T,  and  T,  behavior  in  the  interval 
2254:40-2253:40  UT  la  ahown  in  Figure  20.  The  ACE  apec- 
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Pig  15.  Two  aamptea  of  t-adcnaltydala  found  In  the  5,  (2255:24) 
and  S„  (2255:40)  reglona,  reapectivciy,  of  orMi  1 189  and  their  ttapac- 
live  maalmum  entropy  apcctra. 
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DC  ELECTRIC  FIELD  81295 


MEM  SPECTRA  (20)  81295 


Fig.  I6<i 


Fig  l6/> 


Fig.  15.  Two  Siimplcs  of  8-5  dc  electric  field  data  and  Iheir  maximuin  eniropy  speclra.  The  limes  are  Ihe  same  as  those 

for  Figure  15. 


Uum  at  2255:30  was  obtained  at  a  time  when  the  T,/T,  ratio 
was  as  large  as  5.  At  least  thre*.  instances  are  visible  in  Figure 
20  where  7;  peaks  in  excess  of  8000°K  are  associated  with  T, 
values  below  4000’K.  This  feature  seems  to  be  a  characteristic 


of  only  the  high-altitude  region  and  is  probably  due  to  (he 
lower  plasma  densities  encountered.  The  ACE  spectrum  at 
2255:40  was  obtained  when  Tj/T,  2.  but  we  wish  to  add  that 
the  O*  LH  band  wave  activity  is  not  confined  only  to  high  TJ 


(ON  OEMSITY  8(295  ORBIT  #1189 
2255:52  -  2258:20  UT 


ELECTRIC  FIELD  81295  ORBIT  #1189 
2255:32 -2258:20UT 
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Fig  Kig  ITfc 

Fig.  17  |<i|  Hislogramt  of  speciral  indices  of  density  and  ffi)  dc  electric  field  nuciuationt  for  the  period  2253:32-2258:20 

UT, 
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DE-2  0AY8l2d&  ORBIT  1 189 


t^ig.  18.  Power  ipcctril  density  of  l25-nl  seek  length  Irregularity 
between  22SO  and  2258  UT.  S,  and  have  the  same  meaning  as  In 
Pigure  16. 

regions  but  seems  more  related  to  the  nature  of  Ih6  low-energy 
(~I00  eV)  electron  predpitatlon,  as  was  also  sbeil  IH  orbit 

44». 

tJtSCUSStON 

The  study  of  simullandous  density  and  electric  field  fiuclu- 
allon  spectra  In  the  vicinity  of  iliMred  plasma  flows  in  the 
auroral  oval  conducted  with  two  DG  2  orbits  at  t#o  dllferent 
altitudes  within  the  P  region  and  the  topside  Ionosphere  pro¬ 
vides  us  twith  two  fairly  distinctive  behavior  patterns  depend¬ 
ing  on  whether  the  associated  FAc  intelisitleS  ate  large  or 
small.  The  AN/V  speetta  in  both  cate|ories  were  charac¬ 
terized  by  tpecttil  indicei  somewhat  shdltower  than  |2|  with 
large  pad  at  short  Scale  lengths  down  to  several  tens  of  meters. 
The  AE  spectra,  on  the  other  hand,  were  quite  dlfierent  In 
these  two  situations.  Thb  Ipeciral  slopes  In  intense  shear  re¬ 
gions  (E,)  With  large  FAC  were  found  to  be  somewhat  shal¬ 
lower  than  |2t  (i«.,  similar  to  AN/N  spectra)  down  to  a  scale 


length  of  several  hundred  meters  and  then  steepened  consider¬ 
ably  to  indices  of  —  3  and  steeper.  The  second  category  of  AE 
spectra  associated  with  less  extreme  background  conditions 
(5„)  had  spectral  indices  of  the  order  of  —3  throughout  the 
scale  length  range  from  10  km  to  100  m  and  thus  were  much 
steeper  than  the  corresponding  density  spectra.  We  present  in 
Figure  21  an  Ideatived  representation  of  the  two  categories  of 
spectra  observed  in  conjunction  with  velocity  shears  in  the 
auroral  oval.  The  observed  apectral  indices  for  the  AN/N  and 
AE  spectra  covering  the  ranges  —  1.8  ±  0.2  and  —  3  ±  0.5,  re¬ 
spectively,  are  shown  in  the  diagram.  The  short  scale  length 
ends  of  the  density  spectra  are  shown  by  dashed  tines  to  indi¬ 
cate  uncertainties  in  spectral  indices  arising  from  noise  con¬ 
tamination  of  power  spectral  estimates  and  a  gap  in  the  fre¬ 
quency  coverage  between  the  end  of  the  FFT/MEM  spectra 
and  the  center  frequency  of  the  first  filter  output,  as  mentioned 
earlier. 

It  is  interesting  to  compare  these  observational  results  With 
predictions  of  the  various  fluid  plasma  models  that  have  been 
proposed  to  describe  the  dynamics  of  the  turbulent  iono¬ 
sphere.  Application  of  standard  cascade  theory  to  these 
models  leads  to  definite  relationships  between  the  power  spec¬ 
tral  indices  of  simultaneously  measured  density  and  electric 
field  fluctuations.  Frjer  and  Kelley  [1980)  point  out  that  this 
method  of  describing  turbulent  plasmas  circumvents  the  linear 
Instability  theory  completely  and  addresses  directly  the  fully 
developed  state  as  encountered  in  the  present  observations. 
kininer  and  Seyler  [1985]  In  their  comprehensive  review  of 
high-latitude  plasma  turbulence  have  provided  a  framework 
for  this  comparison.  We  refer  the  reader  to  their  Table  I, 
listing  AN  and  AE  spectral  slopes  for  dlfierent  plasma  instabil¬ 
ities.  It  should  be  noted  that  spectra  of  AN  and  AN/N  are 
expected  to  be  the  same  if  AN/N  «  I  as  In  Ihe  present  case 
where  Ihe  largest  value  of  AN/N  <=  0.2  (C.  E.  Seyler,  private 
communication,  1986).  In  the  parlance  of  two-dimensional 
fluid  turbulence  the  direct  cascade  region  is  defined  as  k, « 
k  and  Ihe  Inverse  casc.sde  region  as  kg  k  «  k„  where  k, 
represents  the  wave  number  at  which  energy  is  being  injected 
into  the  system,  k^  Ihe  dissipation  wave  number,  and  kg  the 
smallest  allowable  wave  number  of  the  system. 

For  our  S,  category  depicted  In  Figure  21,  If  we  Identify  the 
break  scale  in  the  AE  spectrum  occurring  at  approximately 
.300  m  (approximately  Ihe  shear  gradient  scale  length)  with  Ihe 
scale  size  at  which  energy  enters  Ihe  system,  then  we  find 
reasonable  agreement  with  Ihk  predictions  of  Ihe  KH  insta¬ 
bility  In  Ihe  inverse  and  direct  cascade  regimes  as  listed  by 
Klniner  and  Seyler  [1985].  However,  this  agreement  is  prob¬ 
ably  fortuitous  since  their  analysis  does  not  consider  Ihe  ef¬ 
fects  rd  intense  FAC  which  is  a  major  characteristic  of  this 
class  of  spectra.  Further,  their  analysis  treats  the  density  as  a 
passive  scalar  so  that  all  collisional  efiects  are  disregarded. 

Recent  work  by  Kexklnen  el  al.  [1988]  has  shown  that  Ihe 
inclusion  of  Pedersen  conductivity  efiects  (i.e.,  ion-neutral  col¬ 
lisions)  alters  Ihe  nonlinear  evolution  of  the  RH  instability  in 
a  fundamental  way  by  inhibiting  Ihe  well-known  vortex  for¬ 
mation  (commonly  ohserved  In  the  collisionless  mag¬ 
netosphere)  hut  leading  to  Ihe  development  of  anisotropic 
structures  with  difierenl  power  law  Indices  in  Ihe  two  direc¬ 
tions  perpendicular  to  Ihe  magnetic  field.  Ttiese  authors 
showed  that  In  Ihe  near-space  environment  Ihe  Important  pa¬ 
rameter  to  consider  is  the  ratio  r  -  E^/C^,  where  E,  —  dx 
Is  the  field  line  Integrated  Pedersen  conductivity  and  ~ 
dx  is  the  field  line  integrated  Inertial  capacitance  discussed 
earlier  by  MlicMI  et  al.  [1985],  When  E,  ~  3.5  mhos  and 
Ct,  —  10  brads,  and  then  v  —  0.35  Hz,  a  plausible  value  in  Ihe 
F  region,  the  simulations  show  that  in  the  direction  of  the 
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Fig.  19.  One-secnnd  :ic  cicciric  fiek)  nuclualion  spectrum  obtained  at  (a)  225S;30  in  the  S,  region  and  (6)  2255:40  UT  in 
the  Sy  region.  The  arrows  have  the  same  meaning  as  in  Figure  1 1. 


vcl(K-ily  shear  the  AN/N  spectra  yield  a  power  law  index  of 
-  1.7  4;  0.3  with  the  corresponding  &E  spectrum  yielding  an 
index  of  —3.3  ±  0.2  [Ke.sitmen  ef  at..  1988,  Figures  13  and  14], 
These  results  are  in  good  agreement  with  our  observations  for 
the  category.  It  should  be  noted  that  in  the  Keskinen  et  at. 
[1988]  study  the  parameters  for  their  simulation  were  similar 
to  those  of  our  group,  so  that  the  agreement  between  our 
observations  and  their  simulations  of  the  collisional  KH  insta¬ 
bility  is  quite  encouraging. 

Further,  in  view  of  the  control  of  spectral  characteristics  by 
the  parameter  r,  which  is  a  ratio  of  two  Held  line  integrated 
quantities,  Jocal  values  of  ion-neutral  collision  frequencies  are 
not  very  meaningful  parameters  in  determining  the  instability 
regime  (collisional  or  inerlial|.  This  is  probably  reflected  in 
similar  spectral  characteristics  that  were  observed  in  the  two 
DE  2  orbits  having  altitudes  of  350  km  and  900  km,  even 
though  the  local  values  of  ion-neutral  collision  frequencies  are 
quite  diflerent  at  these  heights. 

We  wish  to  point  out  that  the  background  conditions  as¬ 
sociated  with  the  S,  category  are  very  complex.  While  we  have 
chosen  to  emphasixe  the  intense  velocity  shear  and  large  FAC 
intensities,  it  is  nevertheless  true  that  it  is  in  this  region  that 
one  finds  the  largest  precipitating  fluxes  which  produce  large 
T,  enhancements  and  large  conductivity  gradients.  Thus  in 
addition  to  velocity  shear  one  expects  possible  contributions 
to  irregularity  generation  from  the  current-driven  electrostatic 
ion  cyclotron  [Saiyanarayatui  et  of.,  1985],  current  convective 
IChaiurrfJI  ami  Ouakow,  1981],  and  thermal  ILee,  1984]  In¬ 
stabilities.  The  result  of  these  possible  multiple  sources  on 
irregularity  generation  is  (airly  spectacular,  with  the  most  sen¬ 
sitive  indicator,  namely,  psd  at  scales  smaller  than  1 25  m. 


being  orders  of  magnitude  larger  than  in  contiguous  regions. 
Obviously,  more  work  on  observations  and  theory  is  neces¬ 
sary  for  a  better  understanding  of  the  multiple  sources  and 
sinks  of  energy  alTccting  density  and  electric  Held  fluctuation 
spectra  in  such  regions. 

We  have  also  shown  in  this  paper  that  in  regions  of  uniform 
energetic  particle  precipitation  such  as  the  diffuse  aurora, 
which  gives  rise  to  fairly  uniform  £  region  Pedersen  and  Hall 
conductivities,  the  AN/N  and  AE  spectra  arc  both  steep  with 
little  psd  at  the  small  scales  even  though  the  irregularity  am¬ 
plitudes  at  the  longer  scales  may  be  fairly  large,  as  was  also 
observed  by  AE-D  [Basu  et  al.,  1984],  We  believe  these  spec¬ 
tral  slopes  are  more  a  consequence  of  the  scale  length- 
dependent  lifetimes  of  the  irregularities  [fferfix  et  at.,  1985] 
rather  than  a  reflection  of  a  spea'Rc  instability  process. 

One  distinct  dilference  seems  to  be  emerging  in  regard  to 
small-scale  irregularities  ( <  l(X)  m)  at  high  latitudes  when  they 
are  compared  to  their  counterparts  in  equatorial  spread  F. 
Drift  waves  seem  to  play  a  prominent  role  in  the  generation  of 
short-scale  irregularities  in  equatorial  spread  F.  In  drift  wave 
turbulence,  AE  spectra  follow  the  same  behavior  as  in  the  KH 
case;  however,  the  density  is  constrained  to  follow  the  Boltz¬ 
mann  relation.  Thus  in  the  direct  cascade  regime  we  have 
AN/N  spectra  described  by  a  ft*’  slope.  Such  slopes  were 
found  with  the  equatorial  Piumex  and  Project  Condor  rocket 
campaigns  at  2  <  100  m  and  at  altitudes  >  300  km  [Kelley  et 
al.,  1982:  LaBelle  et  al.,  1986].  The  results  of  this  study  show 
that  at  high  latitudes  the  AE  spectrum  seems  steeper  than  the 
AN/N  spectrum. 

The  finding  in  this  paper  that  the  AN/N  spectra  are  either 
equal  in  slope  to  or  shallower  than  AE  spectra  has  interesting 
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nniHIcotloiii  for  tM  IhterpieUlUoii  of  tdntUIntfoii  meiliire* 
inelitt.  Sdflilltatfofl  ipectra  are  axpaded  to  be  Influenoed  by 
both  dmilty  and  veiocMy  apecira.  Mowam,  Lofoea  tl48l] 
pottitoil  oat  that  Uw  aclntlilatiort  tpectrain  would  actually 
map  tha  apactriwt  (aMiar  deMity  ot  valodty)  that  hat  the 
•halfowat  ifopa.  ft  la  that  aapactod  that  naar  vafodty  shear 
lagioM  *a  ihouhl  be  able  to  daduee  tha  density  spectra  horn 
admilatled  apeeti^  Siudlea  a*  tMa  dutw  hi  the  past  [fte- 
finkiek,  1974].  Furthaf,  Ctrbkr  tt  el.  [1989]  showed  that  for 
the  Iredilot  dril  hialabIMy  the  A/H/W  spadrom  is  also  either 
anoel  in  Hofid  to  ot  ahaioleer  than  the  electric  Md  bbwer 

■pccuvni  on  wnviiiOT  nw  n wwii  wnwiw  mnov 

in  the  histabilhy  soorca  region  or  the  diflliaion  regime.  Thus 
the  scintillation  spectra  should  generally  map  the  density 
structure  at  hi^  latHudal. 


WMIe  wave  activity  has  been  covered  hi  a  fairly  cursory 
manner  in  this  paper,  we  would  neverthelest  like  to  point  out 
observed  relationships  between  some  recent  theories  and  DE  2 
data.  Eor  instance,  the  DB  data  seems  to  Indicate  that  ion 
eonict  and  most  probably  O*  ion  cyclotron  waves  are  associ¬ 
ated  with  large  inlensities  of  EAC  while  the  O*  LH  waves  are 
generally  obmved  in  aseodation  with  precipitating  lOO^V 
electrons  in  Intense  polar  rain.  Thai  while  we  And  esperl- 
mental  support  for  the  theory  of  the  current-driven  Ion  cyclo¬ 
tron  insta^ly  In  the  bottomside  ionosphere  (Chetarefdl, 
1978;  gMyanoruynUd  st  «f.,  1985],  we  do  not  seem  to  Ibid 
shnllat  eaperlmenial  verillcaHon  tor  the  eadtation  of  the  O* 
LH  Instability  by  longitudinal  currents  [Setymoruynna  and 
Chefunwdf,  1986].  tn  this  resped,  we  wish  to  point  out  that 
many  of  the  earlier  measurements  referred  to  by  them  authors 
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Fig.  21.  IdcRlized  repmentalion  of  the  two  categories  of  AN/S  and  AE  spectra  observed  in  association  with  velocity 
shears  in  the  auroral  oval:  category  S,  for  intense  shears  10  Hzl.  and  category  for  moderate  shears  I  HzX  The 
AN/N  and  AE  spectra  have  been  arbitrarily  separated.  The  short  scale  length  ends  of  the  AN/N  spectra  are  shown  dashed 
because  of  uncertainly  in  psd  estimates  (see  test). 


did  not  have  as  complete  a  set  of  particle,  field,  and  current 
measurements  as  the  present  set.  For  instance,  the  rocket 
measurements  of  Yay  tt  al.  [1993]  which  detected  low-altitude 
(400-000  km)  ion  acceleration  events  consistent  with  ion 
cyclotron  wave  phenomena  did  not  have  a  simultaneous' 
measurements  of  FAC.  Thus  It  is  hoped  that  these  DE  2 
measurements  will  provide  fairly  stringent  conditions  for  test¬ 
ing  many  of  the  theories  postulated  for  the  generation  of  ir¬ 
regularities  and  waves  in  the  high-latitude  ionosphere. 
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ABSTRACT 

Satellite  In-sltu  neasur aments  made  by  the  Dynamics 
Explorer-2  (DE-2)  satellite  were  utilized  to  describe  the 
nature  of  plasma  structuring  at  high  latitudes  caused  by  the 
gradient-drift  instability  process.  Specifically,  by  using 
noon-midnight  and  dawn-dusk  orbits  of  the  DE-2  satellite  It  was 
found  possible  to  study  the  simultaneous  density  and  electric 
field  spectra  of  convectlng  large  scale  ('x^hundreds  of  km) 
plasma  density  enhancements  In  the  polar  cap  (known  as 
"patches")  In  directions  parallel  and  perpendicular  to  their 
antl-sunward  convection.  Distinct  differences  were  noted  In 
the  behavior  of  the  ac  and  dc  electric  field  structure  and 
short  scale  (<12S  m)  density  Irregularities  In  these  two 
mutually  orthogonal  directions  perpendicular  to  the  geomagnetic 
field.  However,  since  these  two  orthogonal  directions  were  not 
sampled  simultaneously,  the  observed  differences  cannot  be 
unequivocally  related  to  the  direction  of  convection. 

Structured  plasma  density  enhancements  In  the  auroral  oval 
(known  as  "blobs")  were  found  to  have  considerable  power 
spectral  density  at  these  short  scales  In  the  presence  of 
significant  Pedersen  and  Hall  conductances  In  the  10-20  mho 
range.  While  density  Irregularity  amplitudes  (AN/N)|j^g  were 
found  to  be  as  large  as  15-20  percent  using  S-s  samples  of  the 
DE-2  data,  the  corresponding  dc  electric  field  fluctuation  AE 
was  found  to  be  less  than  a  few  ■Vm"^  for  both  patches  and 
blobs.  This  ▼is-a-vls  AE  behavior  for  the  gradient 

drift  process  provided  a  fairly  dramatic  contrast  with  velocity 
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shear  driven  processes  where  the  AE  magnitudes  were  found  to  be 
at  least  an  order  of  magnitude  larger  for  the  same  levels  of 
density  Irregularities.  The  electric  field  spectra  for  the 
moderate  shear  category  discussed  by  Basu  et  al.  (1988a)  were 
also  found  to  have  a  significantly  different  spectral  Index  as 
compared  to  such  spectra  associated  with  the  gradient  drift 
process.  The  results  of  this  paper  together  with  those  of  Basu 
et  al.  (1988a)  provide  fairly  conclusive  evidence  for  the 
existence  of  at  least  two  generic  classes  of  Instabilities 
operating  In  the  high  latitude  Ionosphere:  one  driven  by  large 
scale  density  gradients  In  a  homogeneous  convection  field  with 
respect  to  the  neutrals  and  the  other  driven  by  the  structured 
convection  field  Itself  In  an  ambient  Ionosphere  where  density 
fluctuations  are  ubiquitous. 
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1.  INTRODUCTION 


Recent  nultl-dlagnostlc  research  at  high  latitudes  has 
Identified  large  scale  ('v  hundreds  of  km)  enhanced  plasma 
density  regions  In  the  auroral  and  polar  F-reglon  as  the  seat 
of  large  amplitude  km-scale  Irregularities  which  produce 
Intense  scintillation  In  the  VHF/UHF  band  (Vickrey  et  al., 

1980;  Rlno  et  al.,  1983;  Weber  et  al.,  1984;  1985;  1986; 

Kersley  et  al.,  1988;  Basu  et  al.,  1988b).  It  Is  well 
recognized  that  such  structuring  Is  caused  by  the  gradient 
drift  Instability  as  these  discrete  regions  of  density 
enhancements  convect  with  the  background  plasma  (Chaturvedl  and 
Ihiba,  1987  and  references  therein).  This  interchange -like  instability,  a 
plasma  analogue  of  the  well-known  Rayleigh-Taylor  instability  which  evolves 
when  a  heavy  fluid  is  supported  against  gravity  by  a  lighter  fluid,  is 
driven  by  both  a  plasma  density  gradient  and  an  electric  field  perpendicular 
to  the  geomagnetic  field.  Tsunoda  (1988)  has  presented  a  very  comprehensive 
review  of  the  experimental  and  theoretical  work  related  to  the  generalized 
gradient -drift  instability  at  high  latitudes  brought  about  by  a  magnetic 
flux  tube  interchange  process  (MFTI).  Ihiba  (1989)  has  also  provided  an 
overview  of  the  theoretical  and  computational  techniques  that  have  been 
applied  to  study  the  gradient-drift  instability  at  high  latitudes. 

The  object  of  this  paper  Is  to  provide  a  detailed 
description  of  the  nature  of  the  density  and  electric  field 
fluctuations  that  characterize  the  10  to  1  km-acale 
Irregularities  associated  with  such  convectlng  structures. 

These  enhanced  density  regions  have  come  to  be  known  In  the 
literature  as  auroral  "blobs"  (Vickrey  et  al.,  1980)  or  polar 
cap  "patches"  (Weber  et  al.,  1984)  depending  on  their  location. 
While  some  Information  is  available  on  the  denalty  apectral 
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characterization  of  the  gradient-drift  instability  in  general 
(Villain  et  al.,  1986),  and  of  patches,  in  particular  (Basu  et 
al.,  1988b),  there  is,  to  our  knowledge,  only  one  example  of 
simultaneous  density  and  electric  field  fluctuation  spectra  of 
the  gradient  drift  instability  published  by  Cerisier  et  al. 
(1985)  using  data  from  the  ARCAD  satellite.  On  the  other  hand, 
a  fairly  comprehensive  description  of  the  density  and  electric 
field  fluctuation  spectra  and  associated  background  parameters 
in  the  velocity  shear  region  has  been  provided  using  DE-2  data 
by  Basu  et  al.  (1988a,  hereinafter  referred  to  as  Paper  I). 
This,  and  earlier  work  (cf.  review  by  Kintner  and  Seyler  (1985) 
and  references  therein)  stimulated  theoretical  development  of 
various  Instabilities  in  Inertial  and  collisional  plasmas 
driven  by  shears  in  flows  parallel  and  perpendicular  to  the 
magnetic  field  (Basu  and  Coppi,  1988,  1989;  Keskinen  et  al., 
1988;  Ganguli  et  al.,  1989;  Nishlkawa  et  al.,  1989). 

It  is  hoped  that  a  similar  detailed  treatment  of  the 
simultaneously  obtained  density  and  electric  field  spectra 
associated  with  the  gradient  drift  instability  will  provide 
further  insights  into  the  process.  In  particular,  at  high 
latitudes  where  the  magnetosphere  exerts  a  strong  influence  on 
the  underlying  ionosphere,  it  is  important  to  determine  whether 
ion-inertia  (associated  with  collisionless  magnetospheric 
plasmas)  or  collisions)  processes  are  controlling  the  evolution 
of  the  gradient  drift  Instablity  (Mitchell  et  al.,  1985; 
Chaturvedl  and  Hubs,  1987).  Very  recently,  the  nonlinear 
evolution  of  interchange  instabilities  in  the  high  latitude 
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Ionosphere  with  scale-size-dependent  magnetospher ic  coupling 
has  been  studied  using  numerical  simulation  techniques  and 
density  and  electric  field  spectra  have  been  computed  (Keskinen 
and  Huba,  1989).  Ideally  one  would  like  to  provide 
experimental  results  of  density  and  electric  field  fluctuation 
spectra  in  two  mutually  orthogonal  directions  perpendicular  to 
the  magnetic  field  which  are  obtained  simultaneously  for 
comparison  with  the  simulation  results.  Unfortunately,  such 
simultaneous  high  resolution  In-sltu  data  is  currently  not 
available  in  two  mutually  orthogonal  directions.  We  have  thus 
tried  to  overcome  this  handicap  by  providing  limited  statistics 
of  density  and  electric  field  spectral  indices  in  the  direction 
of  plasma  convection  and  perpendicular  to  that  direction,  at 
least,  for  the  case  of  polar  cap  patches.  It  is  hoped  that 
such  statistical  information  will  provide  some  clues  regarding 
spectral  behavior  in  these  two  orthogonal  directions.  Further, 
since  it  is  possible  to  obtain  spectra  in  different  directions 
using  numerical  simulations  of  specific  instabilities  (Keskinen 
and  Ossakow,  1982,  1983;  Hassam  et  al.,  1986;  Keskinen  et  al., 
1988;  Keskinen  and  Huba,  1989),  the  experimental  data  could  be 
useful  for  comparisons  with  simulation  spectra,  which,  in  turn, 
could  provide  some  indications  regarding  occurrence  of 
particular  instabilities. 

The  plan  of  the  paper  is  to  treat  in  depth  the  density  and 
electric  field  fluctuation  characteristics  of  polar  cap  patches 
and  auroral  blobs  on  two  orbits  observed  by  the  DE-2  satellite 
using  the  retarding  potential  analyzer,  RPA,  (Hanson  et  al., 
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1981)  and  the  vector  electric  field  Instrument,  VEFI ,  (Maynard 
et  al.,  1981)  on  board.  Of  these  two  orbits,  one  on  March  8, 
1982  provided  a  magnetic  noon-midnight  cut  of  the  northern  high 
latitude  ionosphere.  In  this  case  the  direction  of  satellite 
motion  along  which  the  density  and  electric  field  were  being 
measured  was  aligned  with  the  anti-sunward  drift  of  the  patches 
observed,  so  that  the  spectral  characteristics  to  be  presented 
will  pertain  to  the  direction  of  convection.  The  second  orbit 
to  be  discussed  provided  a  dawn-to-dusk  cut  through  southern 
high  latitudes  on  May  26,  1982.  In  this  case  the  satellite 
motion  was  perpendicular  to  the  anti-sunward  drift  of  the 
patches.  Thus  the  spectral  information  pertains  to  a  direction 
which  is  orthogonal  to  the  direction  of  plasma  convection. 

Both  these  orbits  sampled  the  ionosphere  within  the  F-region  at 
approximately  400  km  altitude.  However,  they  exhibited 
distinct  differences,  particularly  in  the  statistical  behavior 
of  the  dc  electric  field  spectra  and  also  in  the  occurrence  of 
ac  electric  field  turbulence.  Several  other  DE-2  orbits  in 
different  local  time  planes  were  also  studied  to  determine  the 
consistency  of  the  ac  turbulence  behavior  in  polar  cap  patches. 
These  are  discussed  in  Section  3. 

The  auroral  blobs  were  usually  observed  in  the  region  of 
the  return  flows,  which  are  either  eastward  or  westward 
depending  on  the  position  of  the  blob  relative  to  the  passage 
of  the  Harang  discontinuity.  Structuring  within  auroral  blobs 
is  discussed  in  Section  4.  Since  a  satellite  with  its  density 
monitor  provides  only  a  snap-shot  of  features  like  polar  cap 
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patches  and  auroral  blobs,  we  will  try  to  utilize  other 
instruments  on  DE-2  such  as  the  Langmuir  probe,  LANG,  (Krehbiel 
et  al.,  1981)  and  the  low  energy  plasma  Instrument,  LAPI, 
(Winningham  et  al.,  1981)  to  determine  the  electron  temperature 
and  the  integrated  Hall  and  Pedersen  conductances  associated 
with  these  plasma  density  structures  to  shed  some  light  on 
their  origin  and  relationship  to  the  background  convection. 

We  also  provide  in  Section  S  a  comparison  between  the 
magnitude  of  fluctuations  and  the  spectral  characteristics  of 
density  and  electric  field  structure  associated  with  the 
gradient  drift  instability  discussed  in  this  paper  and  those 
associated  with  velocity  shear  driven  processes  presented  in 
Paper  I.  It  will  be  shown  that  it  is  rather  important  to 
consider  both  magnitude  of  perturbations,  i.e.,  saturation 
amplitudes  of  these  fluctuating  quantities,  and  their  spectral 
characteristics  in  determining  the  type  of  plasma  instability. 
Finally,  in  Section  6,  we  attempt  to  point  out  similarities  and 
differences  of  our  experimental  results  with  published  results 
of  analytical  and  numerical  simulations  of  interchange 
Instabilities. 
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2.  INSTRUMENT  DESCRIPTION  AND  DATA  ANALYSIS  METHODS 

Detailed  description  of  the  DE-2  program  (Hoffman  and 
Schmerling,  1981)  and  all  the  instruments  on  board  was  provided 
in  Space  Science  Instrumentation  (Vol.  5,  December,  1981).  The 
resolutions  of  the  different  instruments  and  their  impact  on 
spectral  analysis  results  were  discussed  in  Paper  I  and  will 
not  be  repeated  here. 
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3.  POLAR  CAP  PATCHES  FROM  DE-2 

We  present  in  this  section  the  simultaneously  obtained 
density  and  electric  field  fluctuation  spectra  from  two  DE-2 
orbits  which  had  well  identified  discrete  patches  or  plasma 
density  enhancements  in  the  polar  cap.  While  many  papers 
(cited  in  the  Introduction)  have  appeared  on  polar  cap  patches 
including  the  comprehensive  review  by  Tsunoda  (1988),  it  is 
Interesting  to  note  that  a  formal  definition  of  what 
constitutes  a  patch  has  not  emerged.  There  seems  to  be 
universal  agreement  that  a  patch  can  vary  in  size  from  a  few 
tens  to  a  thousand  km,  have  densities  at  ionospheric  altitudes 
of  at  least  a  factor  of  2-3  over  the  background,  occur  when  the 
component  of  the  IMF  is  southward,  appear  to  be  produced  by 
solar  radiation  rather  than  particle  precipitation  and  have 
long  lifetimes  during  which  the  patches  drift  anti-sunward  with 
velocities  on  the  order  of  half  a  km  per  s.  A  modeling  study 
conducted  by  Schunk  and  Sojka  (1987)  Indicated  that  the 
lifetime  of  a  winter  patch  with  a  factor  of  10  enhancement  over 
the  background  would  be  11  hours,  while  in  summer  the  lifetime 
for  the  same  blob  would  be  reduced  to  A  hours.  While,  of 
course,  satellite  In-sltu  data  does  not  provide  a  time-history 
of  the  patches,  we  identified  them  on  the  basis  of  most  of  the 
other  characteristics  enumerated  above.  In  particular,  for  our 
structuring  study  we  chose  the  two  orbits,  such  that  in  the 
first,  the  satellite  motion  was  parallel  to  the  anti-sunward 
direction  of  convection  of  the  patches,  while  in  the  second, 
the  satellite  motion  was  perpendicular  to  the  direction  of 
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convection.  Data  from  several  other  sensors  are  presented  to 
argue  for  the  non-local  source  for  these  density  enhancements. 

Orbit  3223 

This  pass  traversed  the  northern  high  latitude  ionosphere 

two  weeks  prior  to  the  vernal  equinox  in  1982  during  southward 

interplanetary  magnetic  field  (IHF)  conditions  (with 

B  =  -3.2  nT  and  =  -4.3  nT  between  03-04  UT).  The  hourly 

z  y 

values  of  had  been  continuously  negative  for  the  six  hours 
prior  to  the  pass,  while  B^  was  negative  for  a  period  of  about 
40  hours.  Figure  1  shows  a  projection  of  the  vector  velocities 
measured  by  the  IDM  and  RPA  on  a  polar  plot  in  a  geographic 
latitude  (GLAT) -solar  local  time  (SLT)  coordinate  system  with  ovals  of 
invariant  latitude  superimposed.  There  is  one  region  of  large  velocities 
in  the  dayside  associated  with  the  cusp/cleft  region  around  0347  in'  while 
the  other  is  seen  in  the  nightside  auroral  oval  around  0338  UT.  The  solar 
zenith  angle  at  the  satellite  is  always  large  varying  from  136°  at  033S  UT 
to  90°  at  0347  UT  even  though  the  satellite  is  considered  to  be  sunlit 
beyond  0341  UT.  The  velocity  vectors  observed  within  the  dayside  and 
nightside  polar  cap  are  quite  well  organized  with  the  anti-sunward  flow 
direction  coinciding  fairly  well  with  the  orbital  plane  of  the  satellite 
notion.  Thus  the  density  and  electric  field  measurements  which  are 
obtained  along  the  satellite  orbital  plane  pertain  to  those  along  the 
direction  of  convection. 

Figure  2  shows  the  ion  density  (N^)  and  the  electron 
temperature  (T^)  measurements  obtained  by  LANG  corresponding  to 
the  midnight-noon  high  latitude  traversal  of  the  DB-2  satellite 
shown  in  Figure  1.  The  three  distinct  features  marked  Pp  P^, 


147 


12 


and  at  latitudes  >80°  Invariant  having  densities  in  excess 
of  10”  cm”  at  approximately  400  km  altitude  are  identified  as 
polar  cap  patches  on  the  basis  of  the  characteristics  discussed 
at  the  beginning  of  the  Section.  It  may  be  noted  that  these 
features  are  fairly  'cold'  structures  quite  dissimilar  to  the 
auroral  and  cusp  regions  which  are  associated  with  large 
fluctuations.  Two  auroral  blobs  denoted  B1  and  R2  are  seen  in 
the  nlghtslde  auroral  oval.  Structuring  in  these  blobs  will  be 
discussed  in  a  later  section. 

Figure  3  shows  the  LAPI  data  obtained  simultaneously  by 
DE-2.  The  precipitating  electron  flux  at  7.4°  pitch  angle  is 
shown.  It  is  important  to  note  that  Patch  1  is  seen  to  exist 
entirely  in  the  region  of  polar  rain  (Winnlngham  and  Heikkila, 
1974),  whereas  Patches  2  and  3  are  observed  in  a  region  of 
polar  rain  augmented  by  photoelectron  fluxes  produced  below  the 
satellite  by  scattered  UV  radiation  (Winnlngham  and  Gurgiolo, 
1982).  Weber  et  al.  (1984)  showed  by  modeling  studies  using 
the  Strickland  et  al.  (1976)  electron  transport  code  that  such 
polar  rain  and  photoelectrons  cannot  account  for  the  enhanced 
density  in  the  patches.  Anderson  et  al.  (1988)  have  recently 
shown  that  such  enhanced  plasma  densities  in  the  dark  polar  cap 
could  result  from  extended  transit  of  relevant  flux  tubes 
through  regions  of  significant  solar  production  south  of  the 
cusp  prior  to  their  entry  and  convection  as  patches  across  the 
polar  cap.  These  authors  showed  that  a  viable  candidate  for 
creating  and  organizing  these  polar  cap  patches  is  a 
time-varying  convection  pattern.  Their  modeling  studies  showed 
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that  the  longer  the  convection  pattern  change  is  turned  on,  the 
larger  the  patch  region  becomes.  A  possible  example  of  that 
situation  could  be  Patch  1  in  Figure  2,  whereas  patches  more 
spiky  in  nature  such  as  Patches  2  and  3  seem  to  represent  a 
more  rapid  time  variation  in  the  convection  pattern. 

One  of  the  major  points  of  interest  in  this  paper  is  the 
study  of  the  density  and  electric  field  fluctuations,  namely, 
(AN/N)p|^g  and  AE,  associated  with  the  patches  as  they  convect 
with  the  background  plasma  in  a  generally  antisunward 
direction.  In  the  linear  stage  of  the  gradient-drift 
instability  one  expects  the  density  perturbation  in  the  N-S 
direction  to  be  enhanced  by  a  perturbed  velocity  in  the  same 
direction  related  to  an  electrostatic  field  fluctuation  in  the 
E-W  direction  (Keskinen  and  Ossakow,  1983).  However,  the 
patches  are  probably  observed  in  the  non-linear  regime  when 
fluctuations  in  density  and  electric  field  develop  in  both 
these  directions  which  are  orthogonal  to  the  approximately 
vertical  magnetic  field.  We  show  in  Figure  4a  the  north-south 
dc  electric  field  structure  from  VEFI  over  the  entire  high 
latitude  region  as  also  the  N-S  drift  (related  to  the  E-W 
electric  field)  obtained  from  the  RPA.  (The  E-W  electric  field 
was  not  available  from  DE-2  because  of  a  mechanical  problem.) 

Aa  mentioned  in  Paper  I,  while  the  VEFI  data  is  available  with 
a  sampling  of  16  Hz,  the  RPA  provides  velocities  at  a  1  Hz 
rate.  Thus  only  the  VEFI  data  with  spatial  resolution  of 
approximately  500  m  is  amenable  for  spectral  analysis  which  on 
the  basis  of  s  "frozen  in  turbulence"  assumption  provides 
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information  regarding  the  electric  field  fluctuation  structure 
associated  with  density  structure  at  scales  smaller  than  10  km 
(cf.  Pg.  121  of  Paper  I  for  a  further  discussion  of  this 
topic ) . 

It  was  pointed  out  in  the  Introduction  that  the 
simultaneous  AN/N  and  AE  spectral  analysis  for  this  orbit 
provides  the  nature  of  structuring  in  a  direction  which  is 
approximately  parallel  to  the  direction  of  convection  in  the 
anti-sunward  direction.  The  velocity  in  the  N-S  direction,  on 
the  other  hand,  as  mentioned  earlier  provides  some  insight  into 
the  linear  stage  of  the  Interchange  instability  process. 
Actually,  as  is  well  known  (Keskinen  and  Ossakow,  1983),  it  is 
the  relative  plasma  velocity  in  the  neutral  rest  frame  which 
drives  the  instability.  Unfortunately,  the  N-S  neutral  winds 
which  are  obtained  from  the  Fabry-Perot  Interferometer  (FPI)  on 
DE-2  (Hays  et  al.,  1981)  were  not  available  for  this  orbit. 
However,  to  provide  some  indication  regarding  the  neutral  wind 
behavior  we  present  in  Figure  Ab  both  the  E-W  neutral  wind 
measured  by  WATS  (Spencer  et  al.,  1981)  and  the  E-W  plasma 
drift  measured  by  the  IDN  (which  is,  of  course,  identical  to 
the  N-S  electric  field  shown  in  Figure  Aa).  In  the  polar  cap 
the  E-W  neutral  wind  and  plasma  drift  are  not  very  different 
indicating  that  the  polar  cap  convection  has  probably  been 
fairly  steady  in  response  to  the  combined  southward  IMF  and  the 
high  densities  in  the  patches.  It  is  only  in  the  noon-midnight 
return  flow  regions  where  large  differences  are  seen  in  the 
plasma  and  neutral  motion.  As  a  matter  of  fact,  in  the  auroral 
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blob  region  (50-55°  geographic  latitude)  the  eastward  neutral 
wind  flow  Is  larger  than  the  plasma  motion.  We  will  return  to 
a  discussion  of  this  point  In  a  later  section. 

It  Is  quite  Interesting  to  note  that  fairly  large 
amplitude  density  Irregularities  were  generated,  particularly 
at  the  edges,  of  the  patches  as  they  convected  with  a  moderate 
velocity  of  250  ms~^  through  the  dayslde  and  Into  the  nlghtslde 
polar  cap.  The  top  panel  of  Figure  5  represents  the 
Irregularity  amplitude  (AN/N)jjj^jg  computed  over  8s  of  RPA  data 
of  Ion  densities  obtained  with  a  64  Hz  rate  over  the  polar  cap 
region  which  was  Identified  with  the  3  patches  shown  In 
Figure  2.  The  AN/N  values  (because  of  the  approximately 
8-kms"^  satellite  velocity)  provide  an  Idea  of  plasma 
structuring  over  a  few  tens  of  km  scale.  The  other  5  panels 
represent  the  output  of  the  5  lowest  frequency  filters  of  the 
ac  electric  field  spectrometer  A  on  DR-2  (cf.  Table  2a  and  Its 
description  In  Paper  I).  The  filter  outputs  are  obtained  once 
per  second  with  the  different  filter  frequencies  covering  the 
sampling  range  provided  by  the  RPA.  By  comparing  Figures  2  and 
5  we  find  the  large  patch  Pj  has  Increased  AN/N  associated  with 
both  Its  leading  ('\<0341  UT)  and  trailing  (^^0344  UT)  edges.  In 
fact.  Its  leading  edge  seems  to  be  broken  up  Into  two  parts, 
one  Immediately  prior  to  0341  UT  and  th6  other  after  It,  and  Is 
probably  due  to  the  very  large  density  Increase,  approximately 
one  order  of  magnitude,  within  the  patch  as  compared  to  the 
background.  The  trailing  edge  of  Pj  and  the  irregularities 
associated  with  ^2  and  (because  they  are  each  rather  narrow) 
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all  coalesce  to  form  a  fairly  wide  Irregular  region  between 
0344-0346  UT.  The  middle  portion  of  (between 
0341:40-0343:40  UT)  had  low  Irregularity  amplitudes  less  than 
2  percent.  A  similar  situation  was  found  for  the  patches 
observed  by  DE-2  on  January  22,  1982  (Basu  et  al.,  1988b). 

The  ac  electrostatic  fluctuations  associated  with  the 
patches  are  small,  being  mostly  less  than  0.1  mVm~^.  However, 
what  Is  rather  Interesting  la  that  they  seem  to  be  confined  to 
the  leading  and  trailing  edges  of  patches  as  Identified  on  the 
lowest  frequency  filter  channel  on  Figure  5.  This  seems 
particularly  noticeable  for  the  case  of  patches  2  and  3  where, 
even  though  the  patches  are  so  narrow,  4  distinct  structures 
are  seen  which  are  aligned  perfec  ^y  with  their  edges  shown  In 
Figure  2,  the  turbulence  within  the  patches  being  less  than 
.01  mVm''^.  At  this  Juncture,  we  wish  to  point  out  that  several 
other  noon-mldnlght  orbits  which  show  the  presence  of  polar  cap 
patches  were  examined  to  determine  the  nature  of  the  ac 
turbulence  wich  respect  to  the  patch  edges.  Orbits  such  as 
3180  on  March  5,  1982  and  3201  on  March  6,  1982  show  the 
presence  of  discrete  bursts  of  ac  turbulence  confined  to  the 
patch  edges  much  like  that  seen  In  orbit  3223.  The  magnitude, 
however,  was  usually  less  than  0.1  mVro~^.  In  contrast,  It 
should  be  noted  that  In  velocity  shear  regions,  the  ac 
fluctuations  reach  levels  of  several  mVm~^  In  the  4-8  Hz  range 
(Heells  et  al.,  1984  and  Paper  1).  Thus  the  electrostatic 
turbulence  associated  with  the  density  turbulence  seems  fairly 
low  in  the  case  of  convective  instabilities. 
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We  are  now  In  a  position  to  study  the  spectra  of  the 
simultaneously  obtained  density  and  electric  field  structure 
obtained  from  DE-2  along  the  direction  of  convection  of  the 
patches.  An  8-sec  sample  of  high-resolution  density  obtained 
from  the  RPA  starting  at  0344:07  UT  along  the  direction  of 
convection  together  with  its  spectrum  is  shown  in  Figures  6a 
and  b.  The  corresponding  N-S  electric  field  data  together  with 
its  spectrum  is  shown  in  Figures  7a  and  b.  The  spectra  are 
computed  by  using  the  maximum  entropy  technique  (as  discussed 
in  Paper  I).  Two  points  are  noticeable:  first,  the  electric 
field  fluctuations  are  very  small  (AE  =  0.3  mVm~^)  and,  second, 
the  spectral  slopes  of  AN/N  and  AE  between  several  tens  of  km 
to  several  km  are  identical.  It  is  important  to  recognize  that  because  of 
the  power  law  type  of  irregularity  and  electric  field  spectra,  the  magnitudes 
of  AN/N  and  AE  are  dictated  primarily  by  the  length  of  the  data  sample  (8  s 
for  both  cases)  and  the  difference  in  the  sampling  rates  (64  Hz  for  N  and 
16  Hz  for  E)  does  not  produce  any  significant  impact  on  the  magnitude  of  the 
fluctuations.  In  the  absence  of  any  information  on  the  nature  of  the 
background  variation  of  E  and  N,  a  trend  line  based  on  a  linear  least 
squares  fit  to  the  data  has  been  ehosen  for  the  determination  of  AN/N  and  AE. 
While  the  detrending  process  (through  its  effect  on  the  low-frequency  end) 
may  have  some  bearing  on  the  magnitudes  of  AN/N  and  AE,  its  impact  on  the 
determination  of  the  spectral  indices  between  two  frequencies  which  avoid 
both  the  low  and  high  frequency  ends  is  minimal.  In  Figures  6b  and  7b, 
for  instance,  the  spectral  indices  are  determined  by  slope  fitting  between 
0.2  to  0.3  Hz  at  the  low  frequency  end  and  2.0  to  3.0  Hz  at  the  high 
frequency  end  (indicated  by  on  the  spectra). 
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Figures  8a  and  b  present  histograms  of  the  density  and  electric  field 
spectra  of  samples  between  0339:27-0345:27  ITT.  Over  80  percent  of  the 
samples  of  both  density  and  electric  field  fluctuations  show  spectral 
slopes  between  1.6  to  2.0  with  the  majority  of  slopes  being 
within  the  range  1. 8-2.0.  Thus  one  obtains  virtually  identical 
spectral  behavior  of  density  and  electric  field  fluctuations 
when  both  are  measured  in  a  direction  parallel  to  the  direction 
of  the  background  plasma  convection. 

As  discussed  in  Paper  I,  density  fluctuations  at  several 
discrete  scale  lengths  between  125m  to  6m  are  available  from  a 
set  of  filters  on  DE-2.  It  is  thus  possible  to  determine 
spectral  slopes  of  irregularities  <125  m  in  scale  size. 

Figure  8c  shows  the  histogram  of  spectral  indices  seen  at  the 
small  scales.  The  peak  of  the  histogram  is  seen  to  lie  between 

3-3.5,  thus  indicating  that  the  Irregularities  have  a 
two-component  spectrum  much  like  that  seen  in  equatorial 
bubbles  (Basu  et  al.,  1983;  Rlno  et  al.,  1981).  The  long 
scales  >1  km  are  described  by  spectral  indices  of  1.8+0. 2  while 
the  shorter  scales  <125  m  are  best  described  by  spectral 
indices  between  3  to  3.5.  It  was  also  found  that  the  even 
steeper  indices  seen  in  the  histogram  were  obtained  from  the 
central  portion  of  Pj  where  there  was  little  power  at  short 
scales.  Thus  while  a  break  In  the  spectrum  Is  Indicated,  It  Is 
difficult  to  specify  the  scale-length  of  the  break  from  the 
DE-2  data  because  the  scale-length  coverage  Is  not  continuous. 
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Orbit  4429 

This  pass  traversed  the  winter  southern  high-latitude 

ionosphere  from  dawn  to  dusk  during  a  time  of  moderate  magnetic 

disturbance  (Kp  >  4).  The  hourly  IMF  was  southward  with 

B  B  -0.9  nT  and  B  »  -7.4  nT  between  21-22  UT.  There  was  a 
2  y 

data  gap  6  hours  prior  to  this  time.  B^  was  continuously 
negative  for  those  6  hours,  while  B^  changed  sign  several  times 
within  this  period.  Figure  9  shows  a  projection  of  the  vector 
velocities  measured  by  the  IBM  and  RPA  on  a  polar  plot  ir.  a 
geographic  latitude  (GLAT)-solar  local  time  (SLT)  coordinate 
system  with  ovals  of  invariant  latitude  (ILAT)  superimposed. 

The  region  between  70°  and  80°  ILAT  in  the  morning  sector  shows 
intense  velocity  shears  with  both  sunward  and  anti-sunward 
velocities  greater  than  2  kms~^  being  observed  in  close 
proximity  to  one  another.  This  portion  of  the  orbit  was 
discussed  in  Paper  I.  The  portion  of  the  orbit  of  interest 
here  is  the  region  of  fairly  uniform  anti-sunward  flows 
poleward  of  70°  geographic  on  the  morning  side.  It  should  be 
noted  that  the  dawn-dusk  plane  of  the  orbit  is  orthogonal  to 
the  direction  of  convection  in  the  polar  cap.  As  in  orbit  3223,  the  solar 
zenith  angle  value  at  the  satellite  was  large,  varying  from  100*  at 
2148  m-  to  112*  at  2204  UT. 

To  provide  an  overall  perspective  of  the  large-scale 
density  structure  that  la  associated  with  the  velocity  field 
shown  in  Figure  9,  the  LANG  data  of  ion  densities  (N^)  and 
electron  temperatures  (T  )  for  the  entire  dawn-dusk  portion  of 
the  orbit  are  shown  in  Figure  10.  The  portion  of  the  orbit 
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prior  to  2154  UT  has  been  described  in  detail  in  Paper  I.  In 
this  section  we  shall  discuss  the  three  discrete  density 
structures  marked  P^,  P2,  and  P^  which  have  all  the 
characteristics  of  convecting  patches.  The  bottom  panel  shows 
that  these  are  "cold"  structures  and  the  LAPI  (not  shown) 
provides  evidence  for  polar  rain  only  as  was  the  case  for 
orbit  3223. 

It  was  mentioned  earlier  that  plasma  structuring  takes 
place  in  the  neutral  rest  frame.  For  this  orbit  also,  the  FPI 
data  of  the  N-S  neutral  winds  were  not  available.  However,  the 
wind  and  temperature  spectrometer,  WATS,  (Spencer  et  al.,  1981) 
data  of  the  cross-track  neutral  winds  were  available.  For  the 
dawn-to-dusk  orbit  the  cross-track  neutral  wind  corresponds  to 
the  direction  of  anti-sunward  convection,  and  therefore,  this 
component  of  neutral  wind  is  the  appropriate  one  for  studying 
plasma  structuring  in  the  linear  regime.  Figure  11  provides 
the  horizontal  E-W  winds  from  WATS, and  ion  drifts  from  I  DM  for 
orbit  4429.  The  difference  between  these  quantities  is  very 
large  in  the  morning  and  evening  auroral  ovals  as  was  also  the 
case  with  orbit  3223.  As  discussed  by  Killeen  et  al.  (1985), 
we  note  that  the  ion  drifts  which  respond  to  magnetospher ic 
energy  sources  can  transfer  their  energy  and  momentum  to  the 
neutral  species  on  time  scales  of  tens  to  hundreds  of  minutes 
depending  on  the  ion  density.  Figure  10  shows  that  the  density 

C  Q 

in  the  auroral  regions  is  less  than  10  cm  ,  thus  requiring 
hundreds  of  minutes  for  the  Ion-neutral  momentum  coupling  to 
take  place.  The  neutral  thermosphere,  therefore,  acts  as  an 
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integrator,  filtering  out  most  of  the  high  frequency  structure 
seen  in  the  ion  convection  pattern.  However,  in  the  polar  cap 

and  particularly  in  the  region  of  the  patches  where  the  density 

c  _q  _  1 

is  3  X  10  cm  ,  the  average  value  of  the  IT)M  drift  is  550  ms 

and  the  WATS  wind  is  380  ffls~^  leading  to  an  average 

differential  ion  motion  in  the  neutral  rest  framj  of  170  ms~^. 

The  large  scale  background  plasma  density  gradient 

perpendicular  to  the  direction  of  convection  is  approximately 

90-120  km  at  the  edges  of  the  patches.  On  the  assumption  that 

similar  density  gradients  also  prevail  in  the  direction  of 

convection,  the  zero  order  growth  time  for  the  gradient  drift 

Instability  is  on  the  order  of  10  mins.  Since  the  large  scale 

density  gradleuts,  particularly  in  the  absence  of  an  underlying 

E-region,  have  lifetimes  long  compared  to  10  mins  (Vickrey  and 

Kelley,  1982),  it  is  expected  that  the  gradient  drift 

instability  will  have  sufficient  time  to  develop  as  the  patches 

convect  with  this  differential  motion  or  "slip"  velocity. 

The  irregularity  amplitude  (AN/N)  computed  over  8-8 
Intervals  for  the  region  of  the  patches  between  2154-2158  UT 
and  the  M-S  component  of  the  electric  field  which  is 
perpendicular  to  the  anti-sunward  convection  are  shown  in 
Figure  12.  The  spectral  analysis  of  both  these  parameters  will 
be  presented  and  contrasted  with  orbit  3223.  We  note  here  thst 
the  three  patches  are  all  narrower  than  Patch  1,  but  wider  than 
Patches  2  and  3  of  orbit  3223  with  irregularity  amplitudes  of 
5-10  percent  at  the  edges.  The  msgnitude  of  the  anti-sunward 
convection  caused  by  the  M-S  electric  field  is  larger  as 
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compared  to  orbit  3223  with  the  average  electric  field  on  the 
order  of  25  mVm“^,  which  gives  rise  to  the  E-W  drift  of 
approximately  500  ms~^  as  was  measured  by  the  IDM  and  presented 
in  Figure  11.  The  ac  electrostatic  fluctuations  in  five 
different  frequency  bands  are  shown  in  Figure  13  and  provide  a 
different  signature  than  that  observed  for  orbit  3223.  In  the 
case  of  orbit  4429  the  electrostatic  fluctuations  are  observed 
throughout  the  patches  and  are  not  restricted  to  the  density 
gradients  at  their  edges.  In  the  case  of  orbit  3223  it  was 
found  that  the  electrostatic  fluctuations  were  confined  to  only 
the  steep  gradients  at  either  end  of  the  patch.  This  was  che 
case  even  for  Patches  2  and  3  which  were  quite  narrow,  but  yet 
two  very  discrete  turbulence  regions  were  seen  perfectly 
aligned  with  the  density  gradients.  It  is  tempting  to 
attribute  this  difference  to  the  fact  that  the  electrostatic 
fluctuations  are  sampled  parallel  to  the  background  convection 
in  one  case  (orbit  3223)  and  perpendicular  in  the  other 
(orbit  4429).  Many  other  DE-2  orbits  such  as  orbit  2552  (Basu 
et  at.,  1988b)  and  orbit  1174  (Emery  et  al.,  1985)  which  were 
in  the  09-21  MLT  plane,  and  orbits  in  the  dawn-dusk  plane  with 
evidence  for  patches  showed  continuous  ac  turbulence  throughout 
the  patches  as  in  orbit  4429.  The  dc  electric  field  spectra 
also  show  distinct  differences  which  will  be  discussed  below. 

An  8-8  sample  of  high  resolution  RPA  density  fluctuation 
data  from  within  Patch  2  starting  at  2156  UT  is  shown  in 
Figure  14a  with  its  spectrum  in  Figure  14b.  The  corresponding 
electric  field  data  perpendicular  to  convection  together  with 
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its  spectrum  is  shown  in  Figures  ISa  and  b.  By  comparing 
Figures  14b  and  15b  we  note  that  the  electric  field  fluctuation 
spectrum  is  steeper  than  the  density  fluctuation  spectrum  in 
the  scalelength  range  of  several  tens  of  km  to  several  km. 
Figures  16a  and  b  present  histograms  of  the  density  and 
electric  field  fluctuation  spectral  slopes  of  samples  between 
2154-2158  UT.  While  the  density  spectral  slope  histogram  looks 
very  similar  to  that  for  orbit  3223,  the  electric  field  slope 
histogram  looks  quite  different.  Approximately  half  of  the 
samples  have  slopes  similar  to  the  density  spectra  with  a  range 
between  1. 6-2.0.  The  other  half  forms  a  long  tall  in  the 
electric  field  fluctuation  spectral  slope  d  1  st r  1  hu t ‘ '>n  with 
slopes  ranging  from  2. 2-3. 4.  Thus  it  seems  that,  contrary  to 
the  case  of  sampling  along  the  direction  of  convection,  the 
electric  field  fluctuation  spectrum  can  take  on  a  variety  of 
forms  when  sampled  in  a  direction  which  is  perpendicular  to  the 
diiecLion  of  convection. 

For  comparison  with  the  small  scale  irregularity  behavior 
shown  in  Figure  8c,  we  present  the  corresponding  statistics  for 
orbit  4429  in  Figure  16c.  The  range  of  variation  of  the 
indices  obtained  from  the  filter  output  <125  m  is  smaller  in 
this  case  and  the  most  probable  value  of  the  slope  is  3.0±0.2. 
There  is  more  power  present  at  the  shorter  scales  so  the  very 
steep  slopes  obtained  for  orbit  3223  are  not  seen  here. 
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4.  AURORAL  BLOBS 

Discrete  density  enhancements  known  as  auroral  blobs 
(Vickrey  et  al.,  1980)  are  seen  In  both  the  DR-2  orbits 
discussed  in  the  last  section.  Two  blobs  identified  as  R1  and 
B2  in  orbit  3223  (cf.  Figure  2)  and  one  very  prominent  blob 
marked  B  in  orbit  4429  (cf.  Figure  10)  will  be  discussed  in 
this  section. 

The  blob  marked  B1  has  little  sti^ucturing  associated  with 
it.  It  could  very  well  be  a  sub-auroral  blob  discussed  by 
Weber  et  al.  (1985)  as  there  is  little  temperature  fluctuation 
associated  with  it  (cf.  bottom  panel  of  Figure  3)  and  the 
irregularity  amplitudes  of  constituent  8-s  samples  are 
relatively  small  being  on  the  order  of  5  percent.  The  blob 
marked  B2,  on  the  other  hand,  provides  evidence  for  much  larger 
amplitude  irregularities.  It  is  observed  in  a  region  of 
particle  precipitation,  consequent  temperature  fluctuations  and 
enhanced  conductivities.  The  height  integrated  Pedersen  and 
Hall  conductances  computed  using  the  empirical  relationships 
developed  by  Robinson  et  al.  (  1987)  and  the  nF,-2  LAPI  data  are 
shown  in  Table  1  for  four  different  times.  Ep  and  were 

computed  using  the  expressions; 

40f 

^•P  •  16  ft* 

Ll  -  0.45  (f)®*®* 

where,  ¥  -  average  energy  In  KeV  of  a  Maxwellian  distribution, 

-2  -I 

tg  -  energy  flux  in  ergs  cm  sec  , 


160 


25 


£p,£|l  -  Pedersen  and  Hall  conductances  in  mhos. 

It  should  be  noted  that  the  average  energy  E  is  computed  for 
fluxes  of  electrons  above  500  eV  energy  for  reasons  outlined  by 
Robinson  et  al.  (1987).  Two  of  the  LAPI  spectra  at  0336:43  and 
0336:51  UT  for  which  conductances  were  computed  in  Table  1  are 
shown  in  Figure  17.  They  are  typical  of  spectra  seen  in  the 
diffuse  auroral  region. 

In  Figure  18  we  show  the  seven  consecutive  8-s  samples  of 
detrended  density  data  which  comprise  Blob  2.  A  rather 
remarkable  behavior  of  the  density  is  observed  in  every  panel 
with  the  rapid  small  scale  fluctuations  occurring  along  the 
positive  (l.e.,  upward  sloping  with  time)  gradients  in  plasma 
density  superimposed  on  a  quasl-perlodic  approximately  20- km 
scale  wave  structure.  Referring  to  Figures  1  and  2,  we  find 
that  along  the  satellite  track  a  positive  poleward  gradient  exists.  The 
fluctuations  are  completely  absent  from  the  negative  gradient  side  even 
though  these  gradients  are  steeper.  A  similar  example  was  presented 
by  Tsunoda  (1988)  in  his  review  based  on  data  from  the  ISOPROBE 
experiment  on  board  the  AURE0I.-3  satellite  (Beghln  et  al., 

1982;  Cerlsler  et  al.,  1985;  Villain  et  al.,  1986). 

From  the  vector  velocity  data  for  this  orbit  shown  in 
Figure  1  we  find  that  there  is  a  component  of  velocity  in  the 
equatorward  direction  associated  with  the  blob  which  is  thus 
antiparallel  to  the  poleward  gradient  measured  along  the  satellite  track. 

If  we  assume  that  we  are  sensing  the  instability  in  its  linear  state,  then 
subject  to  the  constraint  that  a  satellite  can  only  measure  density  gradients 
along  its  orbital  track,  we  may  conclude  that  the  requirements  of  the 
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gradient  drift  instability  are  not  satisfied.  However,  if  it  can  be  shown 
that  there  is  a  larger  magnitude  of  equatorward  neutral  wind  at  this  time 
Which  would  cause  the  plasma  motion  in  the  neutral  rest  frame  to  be  parallel 
to  the  density  gradient,  then  the  instability  requirements  may  be  fulfilled. 
Unfortunately,  the  meridional  neutral  wind  was  not  available  for  this  orbit. 
However,  the  zonal  (eastward)  neutral  wind  flow  is  actually  larger  than  the 
plasma  motion  as  shown  in  Figure  4b.  If  the  same  is  true  for  the  meridional 
(i.e.,  equatorward)  neutral  wind  then  the  conditions  for  the 
gradient  drift  instability  will  have  been  satisfied.  The 
electric  field  fluctuation  associated  with  the  large  density 
structures  shown  In  Figure  IB  is  minimal  being  less  than 
1.7  mVm~^.  This  Is  consistent  with  the  findings  of  the  polar 
cap  patches  as  well  and  seems  to  be  a  hallmark  of  the  gradient 
drift  instability. 

Another  point  of  interest  is  the  presence  of  considerable 
power  spectral  density  in  the  small  scale  (''/several  hundred  m) 
fluctuations  in  the  presence  of  large  underlying  Pedersen  and 
Hall  conductances  throughout  the  blob  location.  Tsunoda  (1988) 
pointed  out  that  a  more  quantitative  assessment  of  the 
effectiveness  of  the  ExB  Instability  is  to  estimate  the  M  value 
given  by 


where  the  superscript  c  refers  to  the  plasma  density 
enhancement  or  cloud  and  superscript  b  refers  to  the  background 
plasma.  Using  Tsunoda's  Table  1  and  our  Table  1  we  obtain 
£p  0.5  mho  (for  peak  density  within  blob  0.5x10”  cm”"^)  and 
£p  %  10  mho  from  the  underyllng  E  region.  Thus  M  Is  very  close 
to  unity  and  by  using  Tsunoda's  equation  (10)  taken  from 
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Francis  and  Perkins  (1975)  the  growth  rate  for  the 
Instability  tends  to  zero.  However  we  show  in  Figure  19  the 
spectrum  of  the  density  sample  shown  in  panel  S  of  Figure  18. 

A  two  component  spectrum  is  seen  as  obtained  for  the  polar  cap 
patches  with  a  spectral  index  of  1.9  for  scalelengths  between 
2  km  -  200  m  whereas  the  linear  least  squares  fit  to  the 
4  realizations  of  the  Wideband  filter  output  between 
125  m  -  6  m  provides  a  spectral  index  of  2.6.  What  is  also 
significant  is  that  the  median  power  spectral  density  (psd)  at 
125  m  is  on  the  order  of  10~^  In  the  presence  of  the  large  Ep 
and  £||  listed  in  Table  1.  This  psd  compares  favorably  with 
that  observed  at  125  m  at  the  edges  of  polar  cap  patches  which 
essentially  have  no  underlying  conductivity  structures.  In 
Figure  19  the  20-km  scale  of  the  large  scale  fluctuations  is 
evident.  It  is  also  possible  to  visualize  a  break  in  the 
spectrum  (by  extending  to  longer  scales  the  linear  least 
squares  fit  to  the  filter  output)  at  a  few  hundred  m-scale 
which  is  noticeable  in  the  smaller  scale  fluctuations  on  the 
positive  density  gradients  seen  in  Figure  18.  By  performing 
spectral  analysis  of  2-s  detrended  samples  which  were  confined 
to  the  ramps  on  which  the  small  scale  irregularities  were 
observed,  this  break  was  found  to  be  at  approximately  800  m. 
Thus  we  are  left  with  the  task  of  explaining  the  growth  of 
these  F-region  irregularities  when  theory  predicts  otherwise. 

An  alternative  point  of  view  is  that  these  small  scale 
irregularities  do  not  map  to  the  E-region,  so  that  .the  F-region 
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Irregularities  can  evolve  Independently  (Kintner  and  Seyler, 
1985) . 

The  blob  B  observed  In  orbit  4429  In  the  dusk  sector  is 
located  in  a  region  of  very  large  sunward  flow.  It  is 
interesting  to  note  from  the  density  wave  form  obtained  at  the 
peak  of  the  blob  and  its  spectra  shown  in  Figure  20  that  this 
sample  contains  much  less  psd  at  the  shorter  scales  as  compared 
to  the  spectra  shown  in  Figure  19  even  though  the  irregularity 
amplitude  at  the  larger  scales  is  almost  identical  in  both 
cases.  It  is  tempting  to  speculate  that  the  blob  B2  in  the 
midnight  sector  seen  in  orbit  3223  may  have  just  entered  the 
auroral  oval  from  the  polar  cap  whereas  the  blob  in  orbit  4429 
may  have  been  convectlng  over  long  distances  through  the 
auroral  oval  from  the  midnight  to  the  dusk  sector.  While 
obviously  satellite  In-sltu  measurements  alone  can  never  answer 
this  question  conclusively,  the  experimental  observations  are 
at  least  consistent  with  the  blob  modeling  studies  conducted  by 
Robinson  et  al.  (1985)  who  postulated  the  entry  of  polar  cap 
patches  through  the  Marang  discontinuity  region  and  their 
re-configuration  into  auroral  blobs.  Some  recent  experimental 
data  obtained  during  a  CEDAR  High  Latitude  Plasma  Structure 
(HLPS)  campaign  tentatively  support  this  concept  (Doolittle  et 
al.,  1989).  This  issue,  however,  remains  an  open  one  and  will 
be  the  focus  of  much  Investigation  in  the  current  sunspot 
maximum  phase. 
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5.  COMPARISON  WITH  VELOCITY  SHEAR  DRIVEN  PROCESSES 

Having  provided  a  fairly  detailed  caae  atudy  of  the 
denalty  and  electric  field  atructure  cauaed  by  gradient-drift 
driven  procesaes  In  polar  cap  patchea  and  auroral  bloba,  we  are 
In  a  poaltlon  to  contraat  their  behavior  with  velocity  ahear 
driven  atructurea  dlacuaaed  In  Paper  I.  The  moat  dramatic 
difference  la  aeen  In  the  magnitude  of  AE  that  la  aaaoclated 
with  a  given  magnitude  when  the  denalty  atructure 

la  attributed  to  the  gradient  drift  proceaa  aa  compared  to  a 
ahear  driven  proceaa.  Figure  21  provldea  a  acatter  diagram  of 
AN/N  via-a-vla  AE  aa  obaerved  In  the  caae  atudlea  preaented  In 
thla  paper  and  In  Paper  I.  The  very  aignlf leant  Increaae  In 
the  magnitude  of  AE  la  obvloua  for  the  velocity  ahear  driven 
eventa.  Note  that  a  change  of  acale  la  neceaaary  to  accomodate 
the  large  AE  magnitudea  aeen  In  Paper  I.  A  atralght  line  fit 
to  the  velocity  ahear  driven  eventa  provldea  the  following 
relatlonahlp  between  AN/N  and  AE: 

AE  -  1.8  M 

N 

while  for  the  gradient  drift  caae  the  correaponding 
relatlonahlp  la  aa  followa: 

AE  -  0.15  M 

N 

In  both  the  above  cases  AE  is  expressed  in  mVm~^.  Thus  there  is  at  least  an 
order  of  magnitude  larger  AE  associated  with  density  structures  created  by 
velocity  shear  driven  processes.  If  one  is  interested  in  the  relative 
electric  field  perturbations  AE/E  for  comparison  with  AN/N,  then  the  above 
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relationships  can  be  re-written  as  follows: 

^  ^  velocity  shear  events 

and 

—  =  0.6  —  for  gradient  drift  cases. 

Again,  approximately  an  order  of  magnitude  increase  is  seen  in  the  fractional 
electric  field  perturbation  associated  with  the  velocity  shear  process  when 
compared  with  the  gradient  drift  process. 

We  wish  to  point  out  that  if  the  density  and  electric 
field  perturbations  for  auroral  blobs  had  been  superimposed  on 
Figure  21,  the  blob  related  points  would  cluster  around  the 
dashed  line  which  is  the  best  fit  for  the  polar  cap  patch 
samples.  The  blob  points  were  not  plotted  in  the  interests  of 
clarity.  Thus  each  instability  process  seems  to  follow  a 
distinct  clustering  in  the  (AN/N)  vs.  AE  relationship  as  one 
intuitively  expects  should  be  the  case. 

The  second  point  of  difference  between  these  two  'generic 
types  of  instabilities  is  provided  by  the  electric  field 
spectrum.  While  the  gradient  drift  processes  have  electric 
field  spectra  showing  similar  spectral  indices  as  the  density 
spectra,  namely,  1.8t0.2,  the  shear  driven  processes  generally 
yield  electric  field  spectra  with  steeper  spectral  indices  than 
the  density.  This  was  particularly  evident  in  the  moderate 
shear  category  (S||f)  discussed  in  Paper  I  where  the  AN/N 
spectral  index  was  the  same  as  quoted  above  while  the  AE 
spectral  index  was  described  by  a  spectral  index  of  3. 

In  the  intense  shear  category  (Sj)  discussed  in  Paper  I, 
while  the  density  and  electric  field  spectral  indices  were 
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Identical  over  a  large  scale  length  range  and  close  to  the 
value  seen  for  the  gradient  drift  case,  the  magnitude  of  &E  for 
a  given  magnitude  of  AN/N  was  largest  even  larger  than  that 
observed  In  the  Sj^  case.  Thus  based  on  magnitude  of 
perturbations  and  spectral  structure,  we  believe  there  are  at 
least  two,  and  possibly  several,  distinctively  different 

classes  of  Instabilities.  While  the  colllslonal 

Kel vln-Helmholtz  Instability  has  been  postulated  as  an 

explanation  for  the  moderate  shear  category  (Eesklnen  et  al., 
1988),  other  mechanisms  based  on  shear  flows  parallel  to  the 
magnetic  field  (Basu  and  Coppl,  1988,  1989)  and  that  caused  by 
a  combination  of  field-aligned  currents  and  shears 
perpendicular  to  the  magnetic  field  have  also  been  Invoked 
(Gangull  et  al.,  1989;  Nlshlkawa  et  al.,  1989)  to  explain  the 
Intense  shear  category.  It  will  be  Instructive  to  compute  the 
saturation  amplitudes  of  the  density  and  potential  fluctuations 
predicted  from  these  analyses  for  comparison  with  the  DB-2  data 
presented  here.  Another  distinguishing  feature  Is  the  power  at 
the  short  scales  '^100  m  which  Is  at  least  sn  order  of  magnitude 
larger  In  velocity  shear  regions  when  compered  to  such  scales 
seen  at  the  edges  of  patches  and  blobs  and  two  to  three  orders 
of  magnitude  larger  than  that  observed  within  the  central 
portions  of  wide  patches.  Since  the  power  spectral  density 
decays  slowly  with  scalelength  In  the  velocity  shear  case,  the 
shorter  scales  have  spectral  Indices  that  ere  shallower  than 
those  observed  for  patches.  Thus  Figure  22  for  the  velocity 
sheer  portion  of  orbit  4429  discussed  In  Paper  I  shows  e 
well-defined  peak  between  2. 6-2. 8  for  the  spectral  Index  of 
scale  sizes  <125  a.  This  Is  to  be  compared  to  Indices  In 

excess  of  3  for  the  patches  (cf.  Figures  8c  and  16c). 
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6.  DISCUSSION 


The  Intent  of  this  paper  has  been  primarily  to  study  the 
magnitude  and  spectral  characteristics  of  simultaneous  density 
and  electric  field  fluctuations  observed  in  association  with 
convectlng  polar  cap  patches  where  structuring  takes  place 
through  the  gradient  drift  instability.  We  were  also  able  to 
provide  some  information  regarding  these  spectral 
characteristics  when  the  DE-2  satellite  obtained 
one-dimensional  cuts  parallel  and  perpendicular  to  the 
background  plasma  convection.  For  instance,  we  determined  that 
for  polar  cap  patches  when  sampled  parallel  to  convection,  the 
spectral  slopes  of  both  density  and  dc  electric  field  spectra 
were  identical  with  the  majority  of  slopes  being  within 
1. 8-2.0.  However,  when  patches  were  sampled  perpendicular  to 
convection,  50  percent  of  the  dc  electric  field  samples  showed 
slopes  much  steeper  than  the  density  with  the  spectral  indices 
ranging  from  2. 2-3. 4.  The  ac  turbulence  was  confined  to  the 
edges  of  patches  in  the  former  case  and  was  seen  throughout  the 
patches  in  the  latter  case.  While  distinct  differences  .were 
observed  in  the  dc  and  ac  turbulence  characteristics  in  the  two 
directions  mentioned  above,  unfortunately  these  two 
perpendicular  cuts  were  not  simultaneous.  However,  since  no 
simultaneous  measurements  are  anticipated  in  the  near  future, 
it  was  felt  that  analysis  such  as  presented  here  would  provide 
some  insights  into  spectral  evolution  of  the  gradient-drift 
instability.  Given  the  non-simultaneous  nature  of  the 
maasuremants ,  an  analysis  based  on  a  large  number  of  DR-2 


168 


33 


orbits  would  have  provided  greater  statistical  reliability  but 
is  beyond  the  scope  of  this  paper. 

It  has  been  shown  in  numerical  simulation  of  the 
instability  (Mitchell  et  al.,  1985)  that  spectral  anisotropy 
may  prevail  in  the  collislonal  limit  of  the  gradient  drift 
instability  whereas  more  isotropic  structures  are  predicted 
when  magnetospher ic  coupling  is  considered.  In  terms  of  these 
simulation  results  (cf.  their  Figure  1  for  the  collislonal 
case)  which  show  the  presence  of  prominent  protrusions  or 
"fingers"  of  enhanced  density  which  grow  outward  into  the  low 
density  background,  one  may  think  of  the  DE-2  noon-midnight  cut 
as  being  mostly  aligned  along  these  fingers  while  the  dawn-dusk 
sampling  provides  a  perpendicular  cut  across  the  fingers.  This  is  because 
in  polar  cap  patches,  where  all -sky-imaging  photometers  show  near-circular 
cross-sections  (Weber  et  al.,  1984;  1986),  density  gradients  are  obtained 
in  all  directions  and  it  is  the  direction  of  convection  that  probably 
dictates  the  orientation  of  the  fingers.  Thus  when  the  cuts  are  made 
virtually  along  or  at  small  angles  to  the  fingers,  the  turbulence  is  found  to 
be  confined  to  the  edges  and  identical  slopes  are  found  for  density  and  dc 
electric  field  spectra.  As  mentioned  in  an  earlier  section 
many  other  orbits  were  examined  at  various  magnetic  local  time 
planes  away  from  noon-midnight.  It  was  found  that  the  ac 
turbulence  for  a  wide  range  of  local  times  (not  Just  exactly 
dawn-dusk)  was  much  more  distributed  all  through  the  fingers 
across  what  the  simulations  show  to  be  their  narrow  dimension 
and  a  population  of  dc  electric  field  spectra  emerged  with 
slopes  much  steeper  than  their  density  counterpart. 
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Recently,  Kesklnen  and  Huba  (1989)  have  introduced 
scale-size  dependent  magnetospheric  coupling  in  their  numerical 

simulation  of  the  non-linear  evolution  of  the  gr ad i en t - dr i f t 

• 

instability.  Their  principal  finding  is  that  the  non-linear 
evolution  can  be  characterized  as  neither  purely  inertial 
(magnetospheric  control)  nor  purely  collisional  (ionospheric 
control).  They  have  also  determined  the  power  spectra  of 
density  and  electric  field  fluctuations  in  two  mutually 
orthogonal  directions.  In  Table  2  we  present  a  comparison  of 
their  findings  and  ours  based  on  DE-2  data.  We  have  already 
pointed  out  that  it  was  not  possible  for  us  to  obtain  two 
orthogonal  cuts  simultaneously.  Thus  we  do  not  have 
experimental  data  for  comparison  with  all  their  sub-groups.  It  is 
interesting  to  note  that  a  steepening  is  indicated  in  their  electric  field 
spectra  when  the  cut  is  perpendicular  to  the  Initial  density  gradient  and 
convection.  We  find  evidence  for  such  behavior  when  DE-2  was  travelling 
in  the  dawn-dusk  direction  which  was  orthogonal  to  convection.  In  our 
opinion  it  is  necessary  to  investigate  further  why  such  steepening  is  also 
indicated  in  the  corresponding  density  structure  in  the  simulation  while  no 
such  indication  is  available  from  the  experimental  density  data.  On  the 
other  hand,  the  agreement  is  excellent  between  both  density  and  electric 
field  spectral  slopes  obtained  by  simulation  techniques  and  actual  data 
when  the  cut  is  made  along  the  direction  of  convection. 

As  mentioned  in  the  Introduction,  hitherto  there  was  one 
example  of  simultaneous  density  and  electric  field  fluctuation 
spectra  available  in  the  literature  for  the  gradient-drift 
instability  (Cerlaier  et  al.,  198S).  In  that  example  Cerisier 
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et  al.  (1985)  found  that  the  density  and  electric  field 
spectral  Indices  were  virtually  Identical  and  close  to  a  value 
of  2.  They  also  provided  some  arguments  to  indicate  that  the 
electric  field  spectral  index  may  provide  some  clues  regarding 
the  regime  of  observations:  a  spectral  index  close  to  2  would 
Indicate  an  active  instability  regime  while  an  index  close  to  0 
would  signify  a  diffusion  regime.  A  value  close  to  2  was  found 
in  the  overwhelming  majority  of  cases  for  electric  field 
structuring  in  patches  when  sampled  in  the  direction  of 
convection,  while  sampling  perpendicular  to  convection  provided 
one  ensemble  with  slopes  of  2  and  another  with  slopes  steeper 
than  2  in  this  study.  We  did  not  find  any  evidence  for  0 
spectral  indices  for  the  electric  field  fluctuation  either  in 
patches  or  in  blobs  even  when  samples  were  used  from  the  center 
of  Patch  1  in  orbit  3223  where  irregularity  amplitudes  were 
quite  low.  It  is  interesting  to  note  that  Gershman  and  Ponyatov  (1988)  have 
recently  pointed  out  that  in  the  F-region  one  expects  the  spatial  power 
spectra  of  the  electric  field  and  electron  density  fluctuations  to  have 
similar  shapes  if  the  ion  convection  velocity  is  of  the  same  order  as  the 
ion  thermal  velocity,  a  condition  that  is  generally  satisfied  for  drift 
velocities  on  the  order  of  half  a  km  per  s. 

Recently,  Huba  (1989)  has  shown  that  for  comparing  rocket 
or  satellite  data  with  aimulattona,  one  may  get  a  very 
different  picture  depending  on  the  direction  of  the 
one-dimensional  cut  with  respect  to  the  striatlons.  When  the 
satellite  path  intersects  a  single  strlation,  which  may  be  the 
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case  when  the  satellite  path  is  parallel  to  convection,  the 
density  enhancement  does  not  look  very  structured.  However, 
for  paths  that  cut  the  striations  at  large  angles,  the  density 
looks  much  more  structured.  These  one-dimensional  cuts  through 
the  two-dimensional  simulation  pictures  look  similar  to  the  DR 
data  sampled  in  the  two  orthogonal  directions  presented  here. 

At  this  point  it  is  important  to  recognize  that  the  Patches  P2 
and  P^  seen  in  orbit  3223  caused  intense  scintillations  when 
they  drifted  through  the  ray  path  of  a  quasl-geostat lonar y 
satellite  being  observed  from  Thule,  Greenland  (Basu  et  al., 
1985)  which  (in  addition  to  Figure  5)  indicates  that  the 
patches  contain  granularity  at  km-scales  and  smaller. 

The  second  Important  point  we  wanted  to  make  in  this  paper 
was  the  magnitude  of  the  density  and  electric  field 
perturbations  associated  with  the  gradient  drift  process  and 
its  comparison  with  the  shear-driven  process.  We  presented 
evidence  that  the  magnitude  of  the  electric  field  perturbation 
was,  at  least,  an  order  of  magnitude  larger  in  velocity  shear 
driven  processes  when  compared  to  the  ones  produced  by  the 
gradient  drift  instability.  The  largest  perturbations  were 
observed  in  the  intense  shear  case  presented  in  Paper  I.  The 
Intense  shear  cases,  however,  had  very  similar  spectral  slopes 
of  both  density  and  electric  field  fluctuations  as  compared  to 
the  gradient  drift  case.  Thus,  it  is  our  belief  that  it  is 
crucial  to  consider  magnitudes  of  perturbations,  as  well  as 
spectral  shapes,  for  an  unambiguous  determination  of 
instability  types.  Even  so  there  may  be  more  than  one 
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■echatiism  postulated  to  explain  each  observational  class.  Such 
is  the  case  for  the  Intense  shear  category  as  Indicated  In  the 
last  section.  We  have  in  this  paper  provided  magnitudes  of  the 
saturation  amplitudes  of  the  density  and  electric  field 
perturbations  which  may  provide  further  clues  for 
identification  of  the  instabilities  Involved.  We  also  hope 
that  this  discussion  has  helped  In  resolving  the  question 
raised  by  Heelis  (1988)  in  a  recent  review  that  the  intense 
shear  category  on  the  basis  of  spectral  slopes  alone  is 
difficult  to  distinguish  from  the  current  convective  (Ossakow 
and  Chaturvedi,  1979)  or  gradient  drift  instability.  The 
current  convective  instability  has  not  been  given  too  much 
attention  because  field  aligned  currents  are,  of  course, 
conspicuous  by  their  absence  in  polar  cap  patches,  the  main 
topic  of  discussion  in  this  piaper.  Thus  by  considering 
magnitudes  of  perturbations  and  spectral  shapes,  we  have  been 
able  to  identify,  at  least,  two  generic  types  of  instabilities 
important  for  producing  high  latitude  plasma  structure. 


173 


38 


ACKNOWLEDGMENTS 

We  wish  to  thank  R.A.  Hoffman,  the  DE  Project  scientist, 
for  his  help  and  interest  in  this  work.  W.B.  Hanson, 

N.C.  Maynard,  R.A.  Heelis,  J.D.  Winningham,  L.H.  Brace,  and 
N.W.  Spencer,  the  Principal  Investigators  of  the  RPA,  VEFI, 

IDM,  LAPI,  LANG,  and  WATS  experiments,  made  their  data  readily 
available  for  this  study.  T.L.  Killeen  was  very  helpful  in 
providing  the  combined  data  from  WATS  and  IDM.  We  acknowledge 
useful  discussions  with  M.J.  Keskinen,  R.A.  Heelis,  J.D.  Hubs, 
P.K.  Chaturvedi,  H.C.  Carlson,  Jr.,  and  N.C.  Maynard.  We  thank  P.F.  Fougere 
for  the  use  of  his  MEM  spectral  analysis  program.  The  work  at 
Emmanuel  College  was  partially  supported  by  NSF  Grant 
ATM-8715445  and  AFGL  Contract  F19628-86-K-0038 .  The  work  at 
AFGL  was  supported  in  part  by  AFOSR  Task  2310G9.  The  work  at 
the  University  of  Texas  at  Dallas  was  supported  by  NASA  Grants 
NAG5-305  and  NAG5-306.  The  work  at  Southwest  Research 
Institute  was  supported  by  NASA  Contract  NAS5-28712,  AFGL 
Contract  FI 9628-84-N-0006 ,  and  AFOSR  Contract  F49620-85-C-0029 . 


REFERENCES 


Anderson,  D.N.,  J.  Buchau,  and  R.A.  Heells,  Origin  of  density 
enhancements  In  the  winter  polar  cap  Ionosphere,  Radio 
Scl. .  23,  513,  1988. 

Basu,  B.  and  B.  Coppl,  Fluctuations  associated  with  sheared 

velocity  regions  near  auroral  arcs,  Geophys.  Res.  Lett.. 
15,  417,  1988. 

Basu,  B.  and  B.  Coppl,  Velocity  shear  and  fluctuations  In  the 
auroral  regions  of  the  Ionosphere,  J_j^  Geophys .  Res . .  94, 
5316,  1989. 

Basu,  Su.,  S.  Basu,  J.P.  McClure,  W.B.  Hanson,  and 

H.E.  Whitney,  Hlgh-resolutlon  topside  In-sltu  data  of 
electron  densities  and  VHF/GHz  scintillations  In  the 
equatorial  region,  Jj_  Geophys .  Res . .  88 ,  403,  1983. 

Basu,  Su.,  S.  Basu,  E.  MacKenzle,  and  H.E.  Whitney,  Morphology 
of  phase  and  Intensity  scintillations  In  the  auroral  oval 
and  polar  cap.  Radio  Scl . .  20,  347,  1985. 

Basu,  Su.,  S.  Basu,  E.  MacKenzle,  P.F.  Fougere,  W.R.  Coley, 
N.C.  Maynard,  J.D.  Wlnnlngham,  M.  Suglura,  W.B.  Hanson, 
and  W.R.  Hoegy,  Simultaneous  density  and  electric  field 
fluctuation  spectra  associated  with  velocity  shears  In  the 
auroral  oval,  Geophys,  Rea. .  93.  115,  1988a. 


Basu,  Su.t  S.  Basu,  B.J.  Weber,  and  W.R.  Coley,  Case  study  of 
polar  cap  scintillation  modeling  using  DE-'2  Irregularity 
measurements  at  800  km,  Radio  Scl . .  23 .  545,  1988b. 

Beghln,  C.,  J.F.  Karczewski,  B.  Poirier,  R.  Debrle,  and 

N.  Massewltch,  The  ARCAD-3  ISOPROBB  experiment  for  high 
time  resolution  thermal  plasma  measurements,  Ann . 

Geophys . .  38.  615,  1982. 

Cerlsler,  J.C.,  J.J.  Bertheller,  and  C.  Beghln,  Unstable 

density  gradients  In  the  hlgh-latltude  Ionosphere,  Radio 
Scl. .  20,  755,  1985. 

Chaturvedi,  P.K.  and  J.D.  Huba,  The  Interchange  Instability  In 
hlgh-latltude  plasma  blobs,  J.  Geophvs.  Res. .  92,  3357, 
1987. 

Doolittle,  J.H.,  S.B.  Mende,  R.N.  Robinson,  G.R.  Swenson,  and 
C.E.  Valladares,  Ionospheric  convection  In  the  polar  cap 
as  seen  by  optical  Imaging,  Submitted  to  J_j_  Geophys .  Res . 
1989. 

Emery,  B.A.,  R.G.  Roble,  E.C.  Ridley,  T.L.  Killeen,  M.H.  Rees, 
J.D.  Winningham,  G.R.  Carlgnan,  P.B.  Hays,  R.A.  Heelis, 
W.B.  Hanson,  N.W.  Spencer,  L.H.  Brace,  and  M.  Suglura, 
Thermospheric  and  Ionospheric  structure  of  the  southern 
hemisphere  polar  cap  on  October  21,  1981  as  determined 
from  Dynamics  Explorer-2  satellite  data,  J_^  Geophys.  Res. 


41 


Francis,  S.H.  and  F.W.  Perkins,  Determination  of  strlatlon 
scale  sizes  for  plasma  clouds  In  the  Ionosphere,  J . 

Geophrs.  Res..  80.  3111,  1975. 

Gangull,  G.,  Y.C.  Lee,  P.J.  Palmadesso,  and  S.L.  Ossakow,  Ion 
waves  In  a  colllslonal  magnetoplasma  with  a  field-aligned 
current  and  a  transverse  velocity  shear.  Proceedings  of 
the  1988  Cambridge  Workshop  In  Theoretical  Geoplasma 
Physics,  Polar  Cap  Dynamics  and  High  Latitude  Ionospheric 
Turbulence,  MIT,  Cambridge  MA,  1989. 

Gerslunan,  B.N.  and  A. A.  Ponyatov,  Relation  between  spatial  spectra  of  electron- 
density  fluctuations  and  the  electric  field  for  a  gradient -drift 
instability  in  the  ionosphere.  Geomagnetism  and  Aeronomy,  28,  422,  1988. 

Hanson,  W.B.,  R.A.  Heella,  R.A.  Power,  C.R,  Llppincott, 

D.R.  Zuccaro,  B.J.  Holt,  L.H.  Harmon,  and  S.  Sanatanl,  The 
retarding  potential  analyzer  for  Dynamics  Explorer-B, 

Space  Scl .  Instr . .  5,  503,  1981. 

Hassam,  A.B.,  W.  Hall,  J.D.  Hubs,  and  M.J.  Kesklnen,  Spectral 
characteristics  of  Interchange  turbulence,  J.  Geophys. 

Res. .  91,  13513,  1986, 

Hays,  P.B.,  T.L.  Killeen,  and  B.C.  Kennedy,  The  Fabry-Perot 

Interferometer  on  Dynamics  Explorer,  Space  Scl .  Instr .  .  _5, 
395,  1981. 

Heells,  R.A.,  Studies  of  Ionospheric  plasma  and  electrodynamics 
and  their  application  to  Ionosphere-magnetosphere 
coupling.  Revs.  Geophye..  26.  317,  1988. 


177 


42 


Heells,  R.A.,  J.D.  Winnlngham,  M.  Sugiura,  and  N.C.  Maynard, 
Particle  acceleration  parallel  and  perpendicular  to  the 
magnetic  field  observed  by  DE-2,  ^  Geoph ys .  Res . ,  89 , 
3893,  1984. 

Hoffman,  R.A.  and  E.R.  Schmerling,  Dynamics  Explorer  program: 
an  overview.  Space  Sc  1 .  Instr . ,  345,  1981. 

Huba,  J.D.,  Theoretical  and  simulation  methods  applied  to  high 
latitude  ionospheric  turbulence,  Proceedings  of  the  1988 
Cambridge  Workshop  in  Theoretical  Geoplasma  Physics,  Polar 
Cap  Dynamics  and  High  Latitude  Ionospheric  Turbulence, 

MIT,  Cambridge  MA ,  1989. 

Kersley,  L.,  F.E.  Pryse,  and  N.S.  Wheadon,  Small-scale 

irregularities  associated  with  a  high-latitude  electron 
density  gradient:  scintillation  and  EISCAT  observations, 

J .  Atmos .  Ter r .  Ph ys . ,  50 ,  557,  1988. 

Keskinen,  M..J.  and  J.D.  liuba.  Nonlinear  evolution  of  high 
latitude  ionospheric  Interchange  instabilities  with 
scale-size-dependent  magnetospher ic  coupling.  Submitted  to 
J .  Geoph ys .  Res  .  ,  1989. 

Keskinen,  M.J.  and  S.L.  Ossakow,  Nonlinear  evolution  of 

convectlng  plasma  enhancements  in  the  auroral  ionosphere, 
1,  Long  wavelength  Irregularities,  J_^  Geoph  ys .  Res .  ,  87 . 
144,  1982. 


178 


43 


Keskinen,  M.J.  and  S.L.  Ossakow,  Nonlinear  evolution  of 

convecting  plaama  enhancements  in  the  auroral  ionosphere, 
2,  Small  scale  Irregularities,  Geophys .  Res .  ,  88 ,  474, 
1983. 

Keskinen,  M.J.,  II. G.  Mitchell,  J.A.  Redder,  P.  Satyanarayana , 
S.T.  Zalesak,  and  J.D.  Iluba,  Nonlinear  evolution  of  the 
Kel vin-lielmhol tz  Instability  in  the  high-latitude 
ionosphere,  ^  Geophys .  Res . .  93 .  137,  1988. 

Killeen,  T.L.,  R.A.  Heelis,  P.B.  Hays,  N.W.  Spencer,  and 
W.B.  Hanson,  Neutral  motions  in  the  thermosphere  for 
northward  interplanetary  magnetic  field,  Geophys .  Res . 
Lett. ,  il,  159,  1985. 

Kintner,  P.M.  and  C.E.  Seyler,  The  status  of  observations  and 
theory  of  high  latitude  ionospheric  and  magnetospher ic 
plasma  turbulence.  Space  Sci .  Res . .  4 1 .  91,  1985. 

Krehbiel,  J.P.,  L.H.  Brace,  R.F.  Theis,  W.H.  Pinkus,  and 
R.B.  Kaplan,  The  Dynamics  Explorer  Langmuir  probe 
instrument,  Space  Sc i .  Instr ♦ .  493,  1981. 

Maynard,  N.C.,  E.A.  Bielecki,  and  H.F.  Burdick,  Instrumentation 
for  vector  electric  field  measurements  from  DE-B,  Space 
Sci .  Instr . .  5,  523,  1981. 


179 


44 


Mitchell,  H.G.,  J.A.  Fedder,  M.J.  Keskinen,  and  S.T.  Zalesak,  A 
simulation  of  high  latitude  F-layer  instabilities  in  the 
presence  of  magnetosphere-ionosphere  coupling,  Geophys . 

Res .  Lett . .  1 2 ,  283,  1985. 

Kishikawa,  K.-I.,  G.  Gangull,  Y.C.  Lee,  and  P.  Palmadesso, 
Simulation  of  electrostatic  ion  instabilities  in  the 
presence  of  parallel  currents  and  transverse  electric 
fields.  Proceedings  of  the  1988  Cambridge  Workshop  in 
Theoretical  Geoplasma  Physics,  Polar  Cap  Dynamics  and  High 
Latitude  Ionospheric  Turbulence,  MIT,  Cambridge  MA ,  1989. 

Ossakow,  S.L.  and  P.K.  Chaturvedl,  Current  convective 

Instability  in  the  diffuse  aurora,  Geophys .  Res .  Lett.  .  6^, 
332,  1979. 


Rino,  C.L.,  R.T.  Tsunoda,  J.  Petrlceks,  R.C.  Livingston, 

M.C.  Kelley,  and  K.D.  Baker,  Simultaneous  rocket-borne 
beacon  and  In-sltu  measurements  of  equatorial  spread 
F-lntermedlate  wavelength  results,  J_^  Geophys .  Res .  ,  86 . 
2411,  1981. 

Rino,  C.L.,  R.C.  Livingston,  R.T.  Tsunoda,  R.M.  Robinson, 

J.F.  Vickrey,  C.  Senior,  H.D.  Cousins,  J.  Owen,  and 
J.A.  Klobuchar,  Recent  studies  of  the  structure  and 
morphology  of  auroral  zone  F  region  Irregularities,  Radio 
Sci.  .  18,  1  167,  1983. 


180 


4S 


Robinson,  R.M.,  R.T.  Tsunoda,  J.F.  Vickrey,  and  L.  Guerin, 
Sources  of  F  region  ionization  enhancements  in  the 
nighttime  auroral  zone,  J_^  Geophy  s «  Res  ■  ,  90 ,  7533,  1985. 

Robinson,  R.M.,  R.R.  Vondrak,  K.  Miller,  T.  Dabbs,  and 

D.  Hardy,  On  the  calculation  of  conductances  from  the  flux 
and  energy  of  precipitating  electrons,  Geoph  ys .  Res .  , 
92,  2565,  1987. 

Schunk,  R.W.  and  J.J.  Sojka,  A  theoretical  study  of  the 
lifetime  and  transport  of  large  ionospheric  density 
structures,  J_^  Geophys .  Res .  .  92 .  12343,  1987. 

Spencer,  N.W.,  L.E.  Wharton,  H.B.  Niemann,  A.E.  Hedin, 

G.R.  Carlgnan,  and  J.C.  Maurer,  The  Dynamics  Explorer  wind 
and  temperature  spectrometer.  Space  Sc  1 .  Instr . .  5,  417, 
1981 . 

Strickland,  D.J.,  D.L.  Book,  T.P.  Coffey,  and  J.A.  Fedder, 
Transport  equation  techniques  for  the  deposition  of 
auroral  electrons,  ^  Geophys .  Res .  ,  81  ,  2755,  1976. 

Tsunoda,  R.T.,  High-latitude  F-reglon  irregularities:  a  review 
and  synthesis.  Re vs .  Geophys . .  26 ,  719,  1988. 

Vickrey,  J.F.  and  M.C.  Kelley,  The  effects  of  a  conducting  E 
layer  on  a  classical  F  region  cross-field  plasma 
diffusion,  J_j_  Geophys .  Res. .  87 ,  4461,  1982. 


i 


181 


46 


Vickrey,  J.F.,  C.L.  Rino,  and  T.A.  Potenrra,  Chatanika/TRIAD 
observations  of  unstable  ionization  enhancements  in  the 
auroral  F  region,  Geophys .  Res .  Let  t .  ,  _7,  789,  1980. 

Villain,  J.-P.,  C.  Beghin,  and  C.  Hanuise,  ARCAD3-SAFARI 
coordinated  study  of  auroral  and  polar  F-region 
ionospheric  irregularities,  Ann .  Geophys . ,  61,  1986. 

Weber,  E.J.,  J.  Buchau,  J.G.  Moore,  J.R.  Sharber, 

R.C.  Livingston,  J.D.  Winnlngham,  and  B.W.  Relnisch,  F 
layer  ionization  patches  in  the  polar  cap,  J_j^  Geophys. 

Res.  ,  1683,  1984. 

Weber,  E.J.,  R.T.  Tsunoda,  J.  Buchau,  R.E.  Sheehan, 

D.J.  Strickland,  W.  Whiting,  and  J.G.  Moore,  Coordinated 
measurements  of  auroral  zone  plasma  enhancements,  J . 
Geophys .  Res .  ,  90 ,  6497,  1985. 

Weber,  E.J.,  J.A.  Klobuchar,  J.  Buchau,  H.C.  Carlson,  Jr., 

R.C.  Livingston,  0.  de  la  Beau ja rd 1  ere ,  M.  McCready, 

J.G.  Moore,  and  G.J.  Bishop,  Polar  cap  F  layer  patches: 
structure  and  dynamics,  J_j^  Geophys .  Res .  ,  91  ,  12121,  1986. 

Wlnningham,  J.D.  and  C.  Gurglolo,  DE-2  photoelectron 

measurements  consistent  with  a  large-scale  parallel 
electric  field  over  the  polar  cap,  Geophys .  Res .  Lett. .  9, 
977,  1982. 


182 


47 


Winningham,  J.D.  and  W.J.  Heikkila,  Polar  cap  auroral  electron 
fluxes  observed  with  ISIS  1,  J_i_  Geophy  s .  Res .  .  79 .  949, 
1974. 

Winningharo,  J.D.,  J.L.  Burch,  N.  Eaker,  V.A.  Blevins,  and 

R.A.  Hoffman,  The  low  altitude  plasma  Instrument  (LAPI), 
Space  Sc i .  Instr  .  ,  465 ,  1981 . 


48 


TABLE  1 

DE-2  Orbit  3223  82067 


Time  (UT) 

1  (keV) 

*£  (ergs/cB^s) 

(mho) 

^11  (mho) 

0336:40 

5.38 

5.73 

11.67 

23.05 

0336:43 

5.31 

5.55 

11.52 

22.47 

0336:48 

4.12 

5.47 

11.88 

18.53 

0336:51 

4.42 

3.21 

9.05 

14.98 
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TABLE  2 

Comparison  of  Spectral  Indices  for  the  Interchange  Instability 


Numerical 

Simulation 

Experimental 

6N 

P(k^) 

2.2±0.3 

1.9±0.1 

P(ky) 

1 .8i0.3 

1 . 9i0 . 1 

5B 

X 

P(k,) 

2.3±0.3 

1.9±0.1,  2.3±0.1  to  3.3±0.1 

P(ky) 

2. ltO.3 

— 

6E 

y 

P(kx) 

2.2i0.3 

— 

P(ky) 

1 .9i0.3 

1 . 9i0 . 1 

Direction  perpendicular  to  initial  density  gradient 
for  numerical  simulation 

Direction  perpendicular  to  convection  for 
experimental  data 
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FIGURE 


FIGURE 
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FIGURE  CAPTIONS 


1.  Vector  velocity  measurements  using  IDM  and  RPA  for 
DE-2  o.bit  3223  through  the  northern  high  latitude 
ionosphere  on  March  8,  1982. 

2.  LANG  measurements  of  ion  density  (N^)  and  electron 
temperature  (T^)  for  orbit  3223.  Three  polar  cap 
patches  are  denoted  by  Pj ,  P2,  and  P3  and  two 
auroral  blobs  by  RI  and  B2. 

3.  Energetic  electron  spectrogram  at  7.4*^  pitch  angle 
for  DE-2  orbit  3223. 

4a.  The  N-S  horizontal  drifts  from  the  RPA  and  d-S 
electric  field  from  VEFI  for  orbit  3223. 

4b.  The  E-W  neutral  wind  and  plasma  drift  from  WATS 
and  IDM  respectively  for  orbit  3223. 

5.  The  top  panel  shows  irregularity  amplitude 
(AN/N)j^j^g  computed  over  8-s  sample  length 
associated  with  polar  cap  patches.  The  five 
bottom  panels  show  data  of  ac  electric  field 
turbulence  obtained  from  VEFI.  The  ac  turbulence 
associated  with  the  edges  of  patches  Pj ,  P2  and  13 
are  indicated  on  the  4-8  Hz  panel. 
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FIGURE  6. 

FIGURE  7. 

FIGURE  8a. 

FIGURE  8b. 

FIGURE  8c. 

FIGURE  9. 

FIGURE  10. 

FIGURE  11. 

FIGURE  12. 

FIGURE  13. 


8-s  data  of  irregularity  amplitude  (AN/N)pn^g 
computed  from  RPA  data  for  patch  P2  on  orbit  3223 
and  its  spectrum  by  the  maximum  entropy  technique. 

8-s  data  of  dc  electric  field  fluctuation  for  the 
same  period  as  shown  in  Figure  6  and  its  spectrum 
by  the  maxLmum  entropy  technique. 

Histogram  of  spectral  slopes  of  For  the 

patch  portion  of  orbit  3223. 

Histogram  of  spectral  slopes  of  AE  for  the  patch 
portion  of  orbit  3223. 

Histogram  of  spectral  slopes  of  for  the 

patch  portion  of  orbit  3223  computed  from  Wideband 
filter  data  with  A  <  125m. 

Same  as  in  Figure  1  except  for  orbit  4429  through 
the  southern  high  latitude  ionosphere. 

Same  as  in  Figure  2.  Three  polar  cap  patches  P^ 
P21  Bnd  P^  and  one  auroral  blob  B  are  seen. 

Same  as  in  Figure  4b  except  for  orbit  4429. 

N-S  electric  field  from  VEFI  and 

computed  over  S-s  sample  length  for  patch  portion 
of  orbit  4429. 

Five  panels  of  ac  electric  field  turbulence 
associated  with  patch  portion  of  orbit  4429. 
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FIGURE  14. 

FIGURE  15. 

FIGURE  16a. 

FIGURE  16b. 

FIGURE  16c. 

FIGURE  17. 


FIGURE  18. 


FIGURE  19. 


FIGURE  20. 


FIGURE  21 . 


FIGURE  22. 


Same  as  In  Figure  6  but  for  orbit  4429. 

Same  as  in  Figure  7  but  for  orbit  4429. 

Same  as  in  Figure  8a  except  for  orbit  4429. 

Same  as  in  Figure  8b  except  for  orbit  4429. 

Same  as  in  Figure  8c  except  for  orbit  4429. 

Two  spectra  of  precipitating  electrons  obtained 
from  LAPI  on  orbit  3223  when  r)E-2  was  sampling  the 
auroral  blob  B2 . 

Seven  consecutive  samples  of  8-s  detrended  data  of 
(AN/N)j^H^g  showing  steep  edges  on  one  side  and 
irregularities  on  the  other  within  auroral  blob  B2 
on  orbit  3223. 

Spectrum  of  one  8-s  sample  of  obtained 

from  blob  B2  on  orbit  3223. 

One  8-s  sample  of  detrended  data  of  (AN/H)j^l^^g 
obtained  from  blob  B  of  orbit  4429  and  its 
spectrum  on  the  top  panel. 

Scatter  plot  of  (^N/N)j^jj^g  and  AE  for  patches  and 
velocity  shear  regions.  A  distinctly  different  slope  fit 
is  obtained  for  each  category. 

Same  as  in  Figure  8c  except  for  velocity  shear 
region  of  orbit  4429. 
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FIGURE  3 


DE-2  ORBIT  #3223  82067 
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ATTACHMENT  11 

Daytime  Scintillations  Induced  by  High-Power  HF  Waves  at  Troms0,  Norway 

Santimay  Basu,'  Sunanda  Basu,*  P.  Stubbe,*  H.  Kopka,*  and  J.  Waaramaa' 

During  March  1984  the  high-power  HF  healing  facility  located  at  RamQordmoen  (69.6' N.  19.2  E 
geographic)  near  Trontto.  Norway,  was  used  to  modify  the  ionospheric  F  region  in  the  daytime.  The 
intensity  and  phase  scintillations  of  2S0-MHz  transmissions  from  the  quasi-stalionary  polar  beacon 
satellite  were  measured  when  the  ray  path  from  the  observing  site  to  the  satellite  intercepted  the  modified 
ionospheric  volume.  Narrow  band  spectral  enhancements  corresponding  to  an  irregularity  scale  length  of 
750  m  were  detected  in  the  intensity  spectra  when  the  radiated  HF  power  developed  an  estimated  power 
density  of  about  0.3  mW/m*  at  the  hdght  of  reflection.  Spectral  enhancements  at  larger  scales  were  not 
detected  in  the  phase  spectra.  From  the  growth  and  decay  of  the  intensity  spectral  enhancements  during 
the  successive  lO-min  “on*  and  lO-min  “oir"  periods  of  the  heater  the  r-folding  growth  and  decay  limes 
of  ^  750  m  irregularities  were  estimated  to  be  on  the  order  of  30  s  and  2  min.  respectively.  The  threshold 
power  densities  required  for  the  generation  of  the  observed  irregularity  scale  sizes  were  calculated  from 
the  self-focusing  insiabilily  theory  of  Cragin  el  al.  (1977)  by  the  use  of  ionospheric  background  parame¬ 
ters  measured  by  the  EISCAT  radar.  The  theoretical  estimates  were  found  to  be  within  a  factor  of  2  of 
the  HF  power  densities  employed  in  the  experiment.  The  presence  of  Fresnel  oscillations  in  the  intensity 
and  phase  spectra  were  attributed  to  a  limited  irregularity  layer  thickness  less  than  50  km.  By  using  the 
formulations  of  the  thin  phase  screen  theory,  it  was  found  that  the  observed  intensity  scintillations  at  250 
MHz  correspond  to  irregularity  amplitudes  (AAf/Af)  of  3%  with  an  outer  scale  of  I  km. 


I.  Introduction 

The  inUiml  impetus  for  ionospheric  modification  by  power¬ 
ful  radio  waves  at  HF  stems  from  the  work  of  GiHzburg  and 
Gurevich  [I960]  and  Farley  [1963].  Immediately  after  high- 
power  MF  ftidlities  became  available  at  Platteville,  Colorado 
[Uitaui,  1970]  and  al  Arecibo,  Puerto  Rko  [GorJon  el  aU 
1971],  not  only  were  the  temperature  enhancements  observed, 
as  predicted  by  Farley,  but  a  host  of  unespected  phenomena 
resulting  from  the  nonlinear  interaction  of  high-power  radio 
waves  with  the  kmospheric  plasma  were  also  detected  [Corf- 
Jwi  ami  Oimcmr,  1977;  Gurevkh.  1978;  Fqfrr,  1979.  and  refer¬ 
ences  thereiB].  Among  thcK  varied  phenomena,  electron  den¬ 
sity  variatioBS  at  ionospheric  heights  were  detected  as  mani¬ 
fested  by  artWdal  spread  F  on  kmograms,  radio  star  and 
satellite  scintillations  and  enhanced  incoherent  scatter  signals 
from  the  perturbed  regions  [Gcorgn,  1970;  Kifmach,  1973; 
Allen  ei  at^  1974;  Thame  aai  Perkins,  1974;  Pope  ami  Frits, 
1974;  Gelmamseo  el  al^  1976;  Duncan  and  Behnke,  1978;  Eruk- 
himoa  ei  al„  1979;  BeHkovIch  et  al.,  1979;  Basu  et  al.,  1980, 
1983;  Frey  and  Gordon,  1982;  IMngsion,  1983;  Frey  el  al., 
1984].  Later,  density  variathms  were  measured  directly  by  sat- 
eWie  in  situ  probes  {Farley  et  of.,  1983].  These  obsMvaiions 
imply  that  artificial  inegularities  of  dcelron  density  covering 
the  scale  leagih  range  of  a  few  kMometers  to  lens  of  meters  can 
be  induced  fat  the  hmoepheie  by  the  action  of  powerftil 
ground-based  HP  transmitters.  The  currently  accepted  cause 
of  these  irregularities  is  a  self-fbcusing  instability  fat  which  an 
initial  small  plasma  denslly  perturbation  produces  focusing 
and  defeeuslng  of  dw  heating  wave  in  the  regions  of  perturbed 
density.  The  focusing  in  regions  of  density  deplelions  causes 
enhanced  heating  and  hade  to  fiirther  depfetions.  This  allows 
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the  perturbations  to  grow  if  the  elTect  is  large  enough  to  over¬ 
come  conduction  and  other  dissipation  effects.  These  simple 
bask  ideas  form  the  theme  of  rather  complicated  cakulations 
leading  to  the  development  of  various  versions  of  the  theory 
(Perkins  and  Valeo  [1974],  Perkins  and  Goldman,  [1981], 
Cragin  el  al.  [1977],  Gurevich  [1978],  Kuo  and  Lee  [1983], 
and  Farley  el  al.  [iM3]  for  a  critical  assessment). 

The  present  paper  provides  additional  observations  of  the 
self-focusing  effect  at  the  subauroral  location  of  Tromso, 
Norway.  Results  on  the  magnitudes  of  intensity  scintillations 
of  radio  star  rignab  at  933  MHz  induced  by  HF  heating  at 
this  location  have  been  reported  earlier  {Frey  ei  al.,  1984], 
The  present  results  provide  information  not  oniy  on  the  mag¬ 
nitude  of  intensity  scintillations  but  phase  sdntiliations  as 
well.  Phase  scintillation  measurements  permit  a  study  of  ir¬ 
regularity  scales  at  least  a  decade  larger  (up  to  about  10  km) 
than  those  causing  intensity  scintillations.  Furthermore,  since 
scintiilation  magnitudes  are  iarger  at  the  observing  frequency 
of  2S0  MHz,  compared  to  radio  star  observations  at  933 
MHz,  power  spcctrai  studies  of  phase  and  intensity  scintii- 
latkms  could  be  performed.  These  studies  provide  information 
on  the  detailed  structure  of  electron  density  fluctuations  in¬ 
duced  by  HF  heating.  During  these  measurements,  the 
EISCAT  (European  Incoherent  scatter)  radar  wu  operated 
and  provided  data  on  the  background  ionospheric  density  and 
temperatures.  The  EISCAT  measurements  have  beien  utilized 
to  f^te  scintillation  observations  to  the  exbting  theories  of 
self-focusiRg. 

In  the  next  section,  we  describe  the  observational  detaib 
related  to  the  geometry  of  the  sdntillation  measurements,  the 
characteristics  of  the  HF  heater  at  Tromso  and  the  operation 
of  the  receiver  used  to  perform  the  phase  and  intensity  scintil¬ 
lation  measurements.  In  section  3,  we  present*  the  character- 
btlcs  of  the  irregularity  structures  induced  by  HF  heating 
feom  the  magnitude  and  variation  of  the  phase  and  intensity 
scintillation  spectra.  These  results  in  association  with  EISCAT 
radar  observations  of  the  background  parameters  ate  utlHaed 
to  obtain  numerical  estimates  of  the  irregularity  amplitude 
and  IhnehoM  power  density  requirements  in  sectira  4.  A  brief 
summary  is  provided  in  section  S. 
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Fig.  I.  Geometry  of  observations  indicating  the  half  power  beamwidth  (shaded  region)  of  the  HF  healer  and  the  locus 
of  intersection  of  the  ray  path  from  Tromsa  to  the  polar  beacon  satellite  with  2S0-lim  ionospheric  height.  The  universal 
times  are  marked  alongside  the  subionospheric  track. 


2.  Observations 

The  healing  fadlify  a(  RamQordmoen,  near  Tromse, 
Norway,  operated  by  the  Max-Planck  Institut  fiir  Aeronomie 
was  used  to  illuminate  the  ionosphere  by  high  power  radio 
waves  [Stuhhe  et  al.,  1982],  The  geographic  position  of  Ramf- 
jordmoeh  is  given  by  69.6°N  and  I9.2°E.  The  magnetic  dip 
angle  of  the  station  is  78°  and  the  L  value  is  6.2.  During 
nighttime,  the  station  coordinates  correspond  to  an  auroral 
location  [5ii.  Basu  el  at.,  1986],  but  during  daytime  under 
magnetically  quiet  conditions  it  remains  in  the  subauroraf  en¬ 
vironment.  In  view  of  the  frequent  occurrence  of  natural  ir¬ 
regularities  in  the  nightside  auroral  oval,  the  experiments  were 
performed  during  da)nime  when  controlled  perturbations  (un¬ 
contaminated  by  natural  variations)  of  the  ionosphere  could 
be  performed. 

The  high  power  HF  lacilily  at  Ramfjordmoen  consists  of  12 
transmitters  each  generating  a  maximum  CW  power  of  125 
kW  in  the  frequency  range  of  2.5-8  MHz.  The  power  is  radi¬ 
ated  by  one  of  three  antenna  arrays  designed  for  the  frequency 
intervals  of  2.5-A  MHz,  3.85-5.65  MHz  and  5.5-8  MHz.  In  the 
present  experiment,  1 1  transmitters  operating  at  a  frequency 
of  5.423  MHz  and  each  radiating  a  power  of  90  kW  could  be 
employed.  The  nominal  beamwidth  of  the  antenna  at  the  op¬ 
erating  frequency  was  14.5’  so  that  an  ellective  radiated  power 
level  of  218  MW  was  achieved.  This  corresponds  to  an  inci¬ 
dent  power  density  of  a34  mW/m*  at  225  km  altitude.  The 
heater  signal  of  5.423  MHz  was  reflected  from  this  altitude 
during  the  experiment  at  indicated  by  the  electron  dowity 
proffic  obtained  by  the  EISCAT  radar. 

The  phase  coherent  signals  from  the  quasi-stationary  polar 
beacon  satctlite  at  250  MHz  were  received  in  Tromsa  at  an 
elevation  angle  of  75°.  By  using  phase  shifting  networks  in  the 
heater  antenna  array  system,  the  heater  beam  was  tiltad  to  the 
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west  to  intercept  the  communication  link  between  the  satellite 
and  the  ground  station  in  Tromso. 

Figure  I  shows  the  geometry  of  the  observations  indicating 
the  half-power  beam  area  of  the  heater  and  the  locus  of  the 
intersection  point  of  the  ray  path  to  the  satellite  with  an  iono¬ 
spheric  attitude  of  250  km  during  March  1984.  The  universal 
times  (UT)  marked  alongside  the  subionospheric  locus  indi¬ 
cate  that  the  satellite  signal  passed  through  the  heated  volume 
for  about  3  hours  between  1000  and  1300  UT.  The  signals 
from  the  polar  beacon  satellite  were  recorded  by  a  narrow¬ 
band  phase-locked  computer  controlled  receiver.  The  received 
signals  sufler  large  free  space  and  ionospheric  Doppler  and.  as 
such,  the  satellite  updates  its  frequency  at  lixed  intervals  of 
time  (168  s)  to  assist  the  ground  receivers  to  acquire  the  signal. 
After  each  satellite  frequency  update,  the  receiver  acquires 
phase  lock  in  a  finite  time  and  then  tracks  the  signal  across 
the  receiver  band,  near  the  band  edges,  the  receiver  retunes 
and  repeats  tracking.  The  in-phase  and  quadrature  compo¬ 
nents  of  the  detected  signal,  as  well  as  the  frequency  update 
information  at  each  retune,  are  written  on  a  digital  tape  re¬ 
corder.  From  the  quadrature  components  of  the  signal  con¬ 
tinuous  intensity  and  phase  records  between  each  satellite  fre¬ 
quency  update  are  generated  later  in  olT-linc  processing.  In 
general,  82-s  blocks  of  continuous  phase  and  intensity  records 
at  intervals  of  168  s  corresponding  to  the  satellite  frequency- 
update  intervals  are  obtained.  The  82-s  blocks  of  intensity  and 
the  detrended  phase  records  form  the  basis  of  signal  analysis. 
Further  information  on  the  signal  recording  and  analysis  are 
given  by  Su.  Basu  et  al.  [1985]. 

3.  Risults 

During  the  experiment  on  March  1.  IVM.  the  HF  heater 
radiated  5.423  MHz  signal  with  O  mode  polarizalhm.  The 
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Fig-  2.  The  development  of  (top)  inieneity  and  (bottom)  phase  scintillations  of  2S0-MHz  transmissions  when  the  HF 
hater  was  turned  on.  The  data  segments  were  acquired  over  82  s  at  intervals  of  168  s. 


heater  frequency  (/J  was  less  than  the  critical  frequency  (/o)  of 
the  ionosphere  which  was  9  MHz  at  the  time  so  that  over- 
dense  heating  (/„  </„)  conditions  prevailed.  The  heater  was 
cycled  on  for  a  lO-min  period  and  was  followed  by  a  lO-min 
off  period.  Approximately  three  blocks  of  signals,  each  of  82-s 
duration  and  spaced  at  intervals  of  168  s,  were  obtained 
during  either  the  heater  on  or  off  periods. 

The  top  and  bottom  paneb  of  Figure  2  show  blocks  of 
intensity  and  phase  records  during  one  heating  cycle.  The 
heater  was  turned  on  during  1 ISO-1200  UT  and  remained  off 
for  10  min  prior  to  and  after  thb  time  interval.  From  the 
successive  data  blocks  in  the  top  panel,  the  development  of 
intensity  scintillations  may  be  observed.  The  growth  of  small 
scale  phase  fluctuations  cannot  be  observed  readily  from  the 
bottom  panel  as  it  b  masked  by  large-scab  background  phase 
variations.  The  growth  of  phase  fluctuations  can,  however,  be 
noted  from  the  phase  spectra  to  be  discussed  in  the  next  para- 
raph. 

Figures  3a,  3b,  3c,  and  3d  illustrate  the  intensity  spectra  in 
the  top  panel  and  phase  spectra  in  the  bottom  pand  for  12 
successive  82-s  segments  of  signal  intensity  and  phase.  The 
data  segments  are  acquired  at  faitervab  of  168  a,  and  therefore 
the  12  data  s^ments  eover  the  time  period  ll49d)S  UT  to 
1221:23  UT.  During  the  above  time  interval,  the  HF  heater 
was  turned  on  between  IISO  and  1200  UT,  turned  off  during 
the  next  10  min  and  awhehed  op  again  between  1310  and  1220 
UT.  The  spectra  of  each  82-s  segment  of  inleneity  and  phase 
fluctuations  were  obtained  by  using  the  FFT  algorithm  hnor- 
porating  a  Black maw-Harris  window  having  a  shMobe  level  of 
78  dB.  Each  spectrum  displays  the  power  spectral  density 
(PSD)  fa)  dedbeb  versus  the  loguithm  of  ftequency  (/).  Thste- 
fore  a  linear  trend  of  the  spectrum  signifles  a  power  law  de- 
pendence  of  PSD  on  frequency.  Each  spectrum  displays  the 
day  number  (day  61,  or  March  I  in  (he  present  case),  the 
central  time  of  die  data  segment,  and  some  statistical  parame¬ 


ters.  The  intensity  spectra  display  the  index  signifying  the 
normalized  second  central  moment  of  intensity  {Briggs  and 
Parkin,  1963].  The  phase  spectra  display  the  root  mean  square 
phase  deviation  in  radians  <e^),  the  phase  spectra  strength  T 
in  decibels  at  I  Hz  and  the  power  law  spectral  indices  p,  and 
Pt  provided,  respectively,  by  the  best  Rt  straight  lines  to  the 
low-frequency  (<0.2  Hz)  and  the  high-frequency  (>0.2  Hz) 
ends  of  the  phase  spectrum.  By  the  use  of  a  suitable  algorithm, 
the  best  fit  straight  line  providing  pj  is  constrained  to  cover 
(he  frequency  limits  of  0.2  Hz  and  a  frequency  lower  than  the 
noise  floor  where  the  spectrum  commences  to  become  flat.  At 
the  low-frequency  end.  the  best  fit  straight  line  covers  the 
frequency  range  of  0.2  Hz  and  a  frequency  that  avoids  the 
region  of  spectral  flattening  introduced  by  the  detrend  filter. 

Three  frames  in  Figure  3a  and  the  bft-hand  frame  in  Figure 
36  constitute  a  sequence  of  intensity  and  phase  spectra  that 
cover  the  period  1 150-1200  UT  when  the  HF  heater  remained 
on.  The  left-hand  frame  in  Figure  3a  corresponds  to  a  data 
segment  between  1 149:05-1 150:27  UT,  representing  one  82-s 
interval  around  the  central  time  of  1149:46  UT.  Since  the 
heater  was  turned  on  at  1150  UT,  iu  effect  on  the  spectrum 
was  caused  during  the  lut  27  t  of  this  data  interval.  A  small 
increase  in  PSD  around  0.2  Hz  b  dbeernibb  in  the  intensity 
spectrum  shown  at  the  top.  The  bottom  panel  of  the  bft-hand 
frame  shows  that  the  phase  spectrum  regbters  a  plateau  at 
about  02  Hz  due  to  an  enhancement  of  PSD  at  the  first 
Fresnri  maximum.  Due  to  the  dominance  of  the  low-frequency 
piiase  variations,  the  phase  spectra  do  not  always  indbafe  a 
pronounced  structure.  However,  in  some  phase  spectra,  the 
Fresnri  maxima  and  minima  are  found  to  be  in  antiphase  with 
the  oscillations  In  the  intensity  spectra  as  b  required  by  the 
weak  scatter  theories  of  scintillatim  [BowMI,  1961].  Such  an 
exampb  will  be  shown  in  Figure  4.  The  next  Dame  of  intensity 
scintillations  indicates  the  developed  structure  in  the  intensity 
spectrum  centered  at  1152:34  UT.  The  first  two  Fresnel 
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minima  at  0.45  and  0.64  Hz  are  present  in  the  intensity  spec¬ 
trum.  The  last  frame  in  Figure  3<i  and  the  first  frame  in  Figure 
3h  indicate  the  developed  state  of  spectral  structure  further 
into  the  on  state  of  the  heater  with  the  scintillation  index  S4 
achieving  a  maximum  value  of  S4  >  0.17  at  1 155:22  UT  from 
a  background  level  so  S4  £  0.05. 

The  scale  sizes  of  the  irregularities  that  correspond  to  the 
peaks  in  the  intensity  scintillation  spectra  may  be  estimated  if 
we  identify  the  spectral  maximum  with  the  Fresnel  dimension. 
The  Fresnel  dimension  is  given  by  (2Ar)''’.  where  2  (=  1.2  m) 
is  the  radio  wavelength  and  :  is  the  distance  of  the  irregu¬ 


larities  from  the  observer.  The  electron  density  profile  ob¬ 
tained  by  the  EtSCAT  radar  indicated  that  the  HF  signal  a( 
5.423  MHz  was  refiecied  from  a  height  of  225  km.  Assuming 
that  the  height  of  the  irregularity  layer  corresponds  to  the  HF 
reftection  height,  the  Fresnel  dimension  is  obtained  as  735  m. 
In  the  spectra  discus.sed  above,  the  growth  of  PSD  could  be 
observed  up  to  frequencies  at  least  a  decade  higher  than  the 
Fresnel  maximum.  Thus  the  set  of  spectra  displayed  above 
indicated  the  growth  of  irregularity  scales  in  the  range  of 
about  750  m  to  75  m  due  to  the  action  of  the  heater. 

The  heater  was  next  turned  olT  between  1200  and  1210  UT. 
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Fig.  ».  Same  as  Figure  3a  between  1 158:10  and  1203:46  UT. 
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Fig.  .V.  Same  as  Figure  3<i  between  1206:34  and  1212:10  UT. 


The  second  and  third  frames  in  Figure  3h  and  the  first  and  the 
second  frames  in  Figure  3r  correspond  to  this  off  period  of  the 
heater.  It  may  be  noted  that  the  decay  of  the  spectral  structure 
was  not  complete  in  the  second  frame  of  Figure  3b  which 
extended  to  1.5  min  after  the  heater  was  switched  off.  Total 
decay  occurred  in  the  last  frame  of  Figure  3h  which  covered 
the  period  J-4.5  min  after  the  heater  was  turned  off.  The 
sequence  of  development  and  decay  of  the  spectral  structures 
indicate  that  the  growth  time  of  the  irregularities  with  scale 
sizes  ^  750  m  to  75  m  is  of  the  order  of  30  s,  but  the  decay 
time  is  on  the  order  of  2  min. 


The  heater  was  next  cycled  on  during  the  period  1 2 10- 1 220 
UT.  The  growth  of  the  irregularities  in  response  to  the  heater 
may  again  be  observed  from  the  sequence  of  the  intensity  and 
phase  spectra  displayed  in  the  last  frame  of  Figure  3c  and  the 
first  two  frames  in  Figure  3J.  The  spectral  structures  ob.served 
during  the  first  (1150-1200  UT)  and  the  second  (1210-1220 
UT)  on  periods  of  the  healer,  are  found  to  be  remarkably 
similar  even  though  the  magnitude  of  the  54  index  is  smaller. 
The  variability  of  the  healing  effect  may  be  related  to  the 
off-vertical  till  of  the  healer  beam  with  the  consequent  re¬ 
duction  in  the  interaction  between  the  incident  and  reflected 


rnco  (Nt) 

Fig.  M.  Same  as  Figure  Vbc*«wen  1214:511  and  1220:42  UT. 
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Fi(.  4.  Illustrates  Fresnel  oscillations  in  the  (lop)  intensity  and 
(bottom)  phase  spectra.  Note  that  the  frequencies  of  the  Fresnel 
minima  in  the  intensity  spectrum  identified  by  the  scale  above  the 
frequency  axis  in  the  lop  panel  correspond  to  the  Fresnel  maxima  in 
the  phase  spectrum  identified  by  arrows  in  the  bottom  panel. 


waves.  We  also  draw  atlention  to  the  reduction  of  PSD  of  the 
spectral  peak  by  about  S  dB  at  the  end  of  the  first  heating 
cycle  al  1158:10  UT  (first  frame  in  Figure  3h).  This  is  also 
evident  in  Figure  2  where>  a  decrease  in  the  depth  of  fluctu¬ 
ations  is  noted  near  the^end  of  the  heating  cycle.  On  many 
occasions,  such  a  reduction  of  scintillation  magnitude  has 
been  observed  after  a  few  minutes  of  continuous  healing. 

In  Figure  4,  we  focus  our  attention  on  Fresnel  oscillations 
observed  on  the  intensity  and  phase  scintillation  spectra 
during  the  next  heating  cycle  between  1230  and  1240  UT.  The 
first  five  Fresnel  minima  in  the  intensity  scinliliation  spectra 
have  been  identified  on  a  scale  above  the  frequency  axis  and 
are  shown  to  have  frequencies  /„  2''*/,.  3''V'„  4'"/,.  5''V,, 
where  /,  -  0.88  Hz.  The  Fresnel  osdllalions  in  the  phase  spec¬ 
tra  are  shown  to  be  in  phase  quadrature  and  maximize  al  the 
posilions  of  Fresnel  nulls  in  the  intensity  spectra.  Identifying 
the  first  Fresnel  minimum  (/,  ^  0.88  Hz)  with  the  irregularity 
scale  size  of  (2z)''’  »  320  m,  the  irregularity  drift  orthogonal 
to  the  ray  path  may  be  obtained  as  K  >  0.88  x  320  •>  438 
m/s.  Al  the  beginning  of  the  heating  cycle,  e.g.,  at  1132:34  UT, 
the  Fresnel  minimum  was  obtained  al  0.43  Hz  providing  an 
irregularily  driA  of  234  m/s.  Thus  the  irregularity  driA  in¬ 
creased  considerably  during  the  period  of  these  observations. 
The  presence  of  Fresnel  oscillations  in  the  spectra  indicates 
that  the  irregularily  layer  ihicknen  is  not  large  [Basu  tt  aU 
19863. 1"  if  li>4  irregularily  layer  thickness  exceeds  30  km, 
it  is  found  that  the  Fresnel  minima  due  to  the  lowermost  part 
of  the  layer  wffl  coincide  wHh  the  Fresnel  maxima  due  to  the 
topmost  part  of  the  layer  so  that  the  Fresnel  modulations  will 
diuppear. 
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In  staling  that  the  irregularity  layer  thickness  is  limited,  we 
have  implied  that  the  electron  density  deviation  (AAI)  of  the 
irregularities  in  the  scale  size  range  of  ~7S0  m  to  75  m  caus¬ 
ing  230-MHz  scintillations  arises  over  a  narrow  range  of  atti¬ 
tudes,  even  though  it  is  known  that  the  effects  of  temperature 
enhancement  and  density  depletion  propagate  outwards  from 
the  HF  reflection  height  to  considerable  distances  along  the 
magnetic  fletd  [MeUz  et  al.,  1974;  Mantas  et  al.,  1981].  As 
such,  one  expects  that  the  relative  irregularily  amplitude 
(&N/N)  of  small  scale  irregularities  causing  scintillations 
would  also  map  out  along  the  magnetic  field  lines.  In  this  case, 
however,  the  electron  density  deviation,  AN,  obtained  as  the 
product  of  AN/N  and  electron  density  N  will  be  controlled  by 
a  small  altitude  interval  around  the  level  of  maximum  ioniza¬ 
tion  density  if  the  distribution  is  sufliciently  skewed  with 
height.  In  such  a  configuration,  the  magnitude  of  scintillations 
will  be  controlled  by  the  maximum  ionization  density  rather 
than  the  density  at  the  HF  reflection  height.  Our  prior  heating 
experiments  at  Platteville  and  Arecibo  [Basu  et  al.,  1980, 
19833  indicated  results  to  the  contrary.  We  found  that  when 
HF  heating  was  performed  at  an  altitude  lower  than  the  maxi¬ 
mum  height  of  the  F  layer,  the  magnitude  of  scintillations  did 
not  change  even  in  the  presence  of  drastic  variations  of  maxi¬ 
mum  ionization  density.  This  leads  us  to  conclude  that  even 
though  large-scale  density  depletions  map  out  along  the  mag¬ 
netic  field,  the  short  scale  irregularities  (750  m  to  73  m,  in  the 
present  case)  are  rather  confined  in  altitude  near  the  HF  re¬ 
flection  height  [Farley,  1939]. 


4.  Numerical  Estimates  of  Irregularity  Parameters 
AND  Comparison  With  Theory 
In  the  following  paragraphs,  we  shall  attempt  to  obtain 
estimates  of  the  irregularity  amplitudes  generated  by  HF  heal¬ 
ing  from  the  observed  magnitudes  of  scintillations  and  also 
make  an  order  of  magnitude  comparison  of  the  threshold 
power  densities  of  HF  required  to  excite  the  observed  scale 
sizes  of  the  irregularities  with  that  predicted  by  the  existing 
theories  of  self-focusing  instability.  In  order  to  determine  the 
irregularity  amplitude,  defined  as  the  ratio  of  the  electron  den¬ 
sity  deviation  (AN)  to  the  background  ionization  density  (N), 
we  utilize  the  weak  scatter  theory  and  make  some  realistic 
assumptions.  Following  Kino  [1979],  we  derive  the  three- 
dimensional  strength  of  turbulence  (C,)  as 


C. 


8a^» 


9o 


Hr  -I-  1/2) 
Rv  -  I) 


IAN)’ 


(I) 


wltere  q,  is  the  outer  scale  wave  number.  2»'  +  I  is  the  three- 
dimensional  sfiectral  index  of  the  irregularities.  Wc  assume 
that  under  the  action  of  the  heater,  striations  of  kilometer 
scale  sizes  are  formed  |[Diinran  and  Behnke,  1978]  and  consid¬ 
er  that  the  outer  scale  wave  number  is  2x  x  10'^  m* '.  From 
the  observed  average  slope  (p,)  of  the  phase  spectra  we  obtain 
2r  ~  2.3.  Even  though  our  computations  will  be  based  on 
intensity  scintillation  magnitudes,  the  spectral  index  is  derived 
from  the  phase  spectra  as  deep  Fresnel  oscillations  in  the 
intensity  spectra  make  it  difficult  to  obtain  the  intensity  spec¬ 
tral  index  accurately.  Substituting  the  above  value  of  v  in  (I), 
we  get 


C.  m  0.89  (AN)* 


(2) 
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Since  our  observations  indicate  that  the  largest  5^  index  of 
intensity  scintillation  is  about  0.2,  we  use  the  weak  scatter 
approximation  f/tino,  19791  and  express  the  .9,  index  as 

S^  -  =  Lsecfl  C, 


r[(2.5  -  v)/2] 
2v'nr[(v  +  0.5)/2)(v  -  0.5)] 


where 


the  classical  electron  radius  ( =  2.8  x  I0‘  m); 

A  the  radio  wavelength  of  satellite  transmissions 
(=  1.23  m); 

L  thickness  of  the  irregularity  layer; 

0  ionospheric  zenith  angle; 
r  the  distance  of  the  irregularity  layer 
from  the  receiver  on  the  ground; 
f  the  geometric  factor  appropriate  for  the 
irregularity  anisotropy. 


As  discussed  above,  the  presence  of  Fresnel  oscillations  in  the 
scintillation  .spectra  indicates  that  the  irregularity  layer  thick¬ 
ness  (L)  cannot  exceed  50  km.  We  therefore  consider  L  ••  50 
km.  The  electron  density  profile  obtained  by  the  EISCAT 
radar  and  shown  in  Figure  5  indicates  that  the  scale  height  of 
the  ionosphere  around  the  reflection  height  of  the  heater  fre¬ 
quency  f/j  is  also  about  50  km.  For  the  observing  geometry, 
the  iononospheric  zenith  angle  0  =  15°.  Substituting  these 
values  in  (3)  we  obtain 


S«*-2.95x  lO-^fA/VjV  (4) 


in  order  to  evaluate  the  geometric  factor,  we  consider  that  the 
irregularities  are  in  the  form  of  sheets  and  aligned  with  the 
magnetic  meridian  [Farlty  el  at.,  1983].  The  elongation  pa¬ 
rameters  of  the  sheet  along  the  magnetie  held,  namely  a,  are 
assumed  to  be  equal  to  5,  and  those  in  a  direction  transverse 
to  the  magnetic  field  over  the  magnetic  meridian  plane  are 
assumed  to  be  h  5.  The  limiting  form  of  the  geometric  factor 
can  be  expressed  as 


^  ^  ab _ r(v) 

'  y/A^C”  vArfv  +  0.5) 

where  the  parameters  A"  =  25  and  C"  =  2.57  for  5; 5: 1  sheets 
[Rino  and  Fremouw,  1977].  Substituting  the  appropriate 
values,  the  geometric  factor  for  5 ;  5 : 1  sheets  aligned  with  the 
magnetic  meridian  is  obtained  as  /  •  0.8571.  Substituting 
this  value  in  (4),  we  obtain 

S,  »  1.59  X  10- "(AW) 

The  observations  indicate  that  during  the  period  of  heating 
the  S4  index  of  intensity  scintillations  attained  a  maximum 
value  of  0.17.  Thus  the  electron  density  deviation  AAf  -  1.07 
X  10'°  m'^.  Since  maximum  interaction  occurs  near  the  re¬ 
flection  height  of  the  HF  signal  of  frequency/^  ••  5.423  MHz, 
the  background  ionization  density  Af  •  6.7  x  10*  3-63 

X  10"  m'*.  Thus  the  irregularity  amplitude  AAf/Af  -  3.4%. 
It  should  be  mentioned  that  in  view  of  the  observing  geometry 
with  respect  to  the  irregularity  sheets  in  the  magnetic  meri¬ 
dian.  scintillations  do  not  gel  the  advantage  of  irregularity 
anisotropy.  In  fact,  if  the  irregularities  are  considered  to  be 
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Fig.  5.  Illustrales  ihe  altitude  profiles  of  (top)  electron  density, 
(bottom)  electron  and  ion  temperatures  obtained  by  Ihe  EISCAT 
radar.  The  reflection  height  of  the  healer  frequency /» is  also  indicated 
in  Ihe  lop  panel. 


isolropic,  the  irregularity  amplitude  is  obtained  as 
A/V/W  -  2.7%,  which  is  slightly  smaller  than  that  obtained  for 
the  case  of  sheetlike  irregularities  in  the  magnetic  meridian. 

Next,  we  attempt  to  compare  Ihe  theoretical  predictions  of 
threshold  power  density  with  the  present  observations.  The 
intensity  scintillation  spectra  discussed  earlier  showed  that  the 
heater  wave  excited  a  dominant  spectral  structure  correspond¬ 
ing  to  an  irregularity  wavelength  of  about  750  m.  Since  this 
wavelength  coincides  with  the  first  Fresnel  maximum,  the  in¬ 
tensity  scintillations  will  not  respond  to  irregularities  with 
scale  sizes  larger  than  the  above.  However,  if  such  large-scale 
irregularities  were  indeed  excited,  their  signature  would  have 
been  obtained  in  the  associated  phase  spectra.  Since  Ihe  phase 
specira  do  not  indicate  such  a  feature,  we  assume  that  the 
dominant  irregularity  scale  size  equals  750  m.  During  the  ex¬ 
periment,  1 1  transmitters  could  be  operated  each  providing  90 
kW  of  power.  Considering  the  antenna  gain,  the  above  config¬ 
uration  yields  an  effective  radiated  power  of  218  MW  which 
develops  a  power  density  of  0.34  mW/m*  at  the  HF  reflection 
level  of  225  km.  Thus  the  observations  indicated  that  a  domi¬ 
nant  irregularity  wavelength  of  750  m  could  be  generated  with 
HF  power  density  of  0.34  mW/m*.  We  next  investigate  how 
well  this  power  level  compares  with  the  theoretical  predictions 
of  threshold  power  density  for  the  generation  of  750-m  irregu¬ 
larities.  Farley  el  at.  [1983]  carried  out  such  a  comparison  of 
their  measurements  at  Arecibo  with  the  self-focusing  theories 
of  Cragin  el  at.  [1977]  and  Perkins  and  Faleo  [1974].  They 
observed  very  good  agreement  between  the  theory  of  Cragin 
et  al.  and  their  measurements,  but  found  that  the  Perkins  and 
Valeo  theory  predicted  much  higher  levels  of  threshold  power 
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flux.  We  have  followed  Farley  et  al.'s  procedure  and  calculated 
the  threshold  power  flux  predicted  by  Cragin  et  al.,'s  theory 
for  a  dominant  scale  size  of  750  m  (wave  number  =  0.0084 
m"')  for  the  conditions  of  our  experiment  in  Tromso  on 
March  I,  1984.  We  had  employed  an  O  mode  heater  wave  at  a 
frequency  of  5.423  MHz  corresponding  to  a  wave  number  of 
*0  =  0.1 136  m" which  was  reflected  from  225  km  with  elec¬ 
tron  density  N,  =  3.65  x  10”  m'’.  At  1203  UT  the  EISCAT 
radar  provided  the  electron  and  ion  temperatures  as  T,= 
I400°K  and  7j  =  I  t(X)°K,  respectively,  and  the  scale  height  at 
the  reflection  point  as  H  =  50  x  10’.  With  the  above  values  of 
ionospheric  background  parameters  we  find  that  the  theory  of 
Cragin  et  al.  [1977]  predicts  a  threshold  power  flux  of  0.74 
mW/m’  for  the  generation  of  a  dominant  scale  size  of  750  m. 
Thus  the  threshold  power  level  predicted  by  the  theory  is  a 
factor  of  2  higher  than  the  power  density  of  0.34  mW/m’ 
actually  employed  in  the  experiment.  In  view  of  the  various 
absorption  effects  which  are  diflicult  to  estimate  accurately, 
this  factor  would  be  somewhat  larger  than  2.  While  this  dis¬ 
crepancy  may  appear  to  be  large,  it  should  be  recalled  that  the 
threshold  power  varies  as  and  therefore  is  very  sensitive  to 
the  dominant  scale  length  of  the  irregularities.  Owing  to  this 
sensitive  dependence  on  the  wavenumber,  the  discrepancy  in 
for  a  given  threshold  power  level  of  0.34  mW/m’  corre¬ 
sponding  to  our  measurements,  the  dominant  scale  length  of 
the  irregularities  to  our  measurements,  the  dominant  scale 
length  of  the  irregularities  is  obtained  as  910  m.  This  value  is 
only  20%  larger  than  the  observed  scale  length  of  750  m. 
Owing  to  the  broad  nature  of  the  spectral  peak  the  20% 
discrepancy  in  scale  length  is  within  the  limits  of  uncertainty. 

In  this  connection,  we  should  mention  that  Kuo  and  Lee 
[1983]  have  proposed  that  an  electromagnetic  pump  wave 
that  has  electromagnetic  sidebands  can  give  rise  to  a  modula- 
tional  instability  capable  of  generating  both  electron  density 
and  magnetic  field  fluctuations.  This  theory  predicts  that  the 
threshold  power  flux  for  750  m  irregularities  is  exceedingly 
low  being  on  the  order  of  1  /iW/m’.  This  is  2-3  orders  of 
magnitude  lower  than 'the  power  density  employed  in  most 
heater  experiments.  Frey  et  al.  [1984]  varied  the  power  den¬ 
sity  of  the  heater  at  Tromso  and  observed  irregularities  in  the 
scale  length  range  of  450  m  to  150  m  by  recording  very  low 
levels  (S4  ~  0.02)  of  radio  star  scintillations,  with  heater  power 
densities  of  22  pW/m’.  Although  they  did  not  have  any 
measurements  of  background  parameters,  their  contention  of 
disagreement  with  Cragin  et  al.'s  theory  is  probably  valid. 
They  pointed  out  that  Kuo  and  Lee's  [1983]  theory  requiring 
threshold  power  flux  of  less  than  I  pW/m’  provide  support  to 
their  measurements.  The  estimation  of  threshold  power  flux 
for  different  scale  length  of  irregularities  is  important  not  only 
from  the  point  of  view  of  instability  theories  but  for  possible 
future  active  experiments  in  space  as  well.  In  view  of  the  short 
term  dynamic  variations  often  encountered  in  the  high  lati¬ 
tude  ionosphere,  careful  measurements  of  dominant  scale 
lengths  as  a  function  of  HF  power  density  are  necessary.  This 
will  certainly  be  attempted  in  future  experiments  of  this 
nature. 

5.  Summary 

We  showed  that  it  is  possible  to  excite  irregularities  in  the 
daytime  ionosphere  al  Tromso  (L  -  6.2)  by  the  action  of  high- 
power  HF  waves.  The  dominant  scalelength  of  the  artiflcial 


irregularities  al  225  km  was  found  to  be  about  750  m  when 
the  healer  radiated  waves  with  O  mode  polarization  al  5.4 
Mhz  and  developed  an  estimated  power  density  of  0.3  mW/m’ 
at  the  reflection  height.  The  magnitude  of  the  intensity  scintil¬ 
lation,  S4,  al  250  MHz  was  about  0.1 5  and  the  rms  phase 
deviation  computed  over  82  s  increased  by  0.5  radian.  This 
corresponds  to  an  irregularity  amplitude  of  about  3%  for  an 
assumed  outer  scalelength  of  I  km.  The  theoretical  [Cru^m  et 
al.,  1977]  predictions  of  threshold  power  density  was  found  to 
be  within  a  factor  of  2  of  the  estimated  power  density  of  the 
heater.  Since  the  estimated  power  densities  are  expected  to  be 
enhanced  by  the  interaction  between  the  incident  and  the  re¬ 
flected  waves,  the  theoretical  and  experimental  values  are  con¬ 
sidered  to  be  in  fair  agreement. 
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